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ABSTRACT 

A preliminary design of the selected 30-watts/pound rollup solar array has 
been accomplished. Supporting technical analyses including electrical, lozds, 
dynamics, stress, weights and thermal have been performed. The selection of 
materials and processes and the manufacturing feasibility have been investi- 
gated and fulfill the "state-of-the-art" constraints of the Design Specifica- 
tion. 
solar panels and the complete array. 
formed to substantiate the analytical approach and to verify the solar array 
design, 
the deployment/retraction characteristics of the design. 
array design produces 31,16 watts of power per pound of weight as established 
from a detail weights analysis and a solar cell electrical output of 10-watts/ 
square foot at air mass zero, at 55'C and 1 A . U .  equivalent solar intensity. 

Special support equipment has been identified for handling the flexible 
Significant engineering tests were per- 

A full scale model was fabricated and demonstrated to illustrate 
The selected solar 
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1.0 INTRODUCTION AND SUMMARY 

This f i n a l  r epor t  i s  submitted by t h e  Ryan Aeronautical Company t o  t h e  Jet  

Propulsion Laboratory i n  accordance with Article I ,  ( a ) ,  (2) ( iv )  and 

Article 11, Item (a) (8) of Contract No. 951971. The repor t  presents  the  

r e s u l t s  o f  work performed from da te  of cont rac t  (23 June 1967) through 

2 1  June 1968. 

The da ta  presented i n  subsequent sec t ions  are reported as summary information, 

developed i n  evolving a preliminary design of t h e  s o l a r  a r ray  configurat ion.  

The d e t a i l  inves t iga t ions  of subsystem and component evaluat ions and the  para- 

metric type ana lys i s  performed were reported i n  t h e  Quarterly Reports 

(References 1, 2 and 3) which preceeded t h i s  repor t .  

The se l ec t ed  r o l l u p  s o l a r  a r ray  configurat ion provides 1,000 square f e e t  of  

s o l a r  c e l l  a rea .  This s o l a r  a r r ay  configurat ion is  composed of four  Roll-up 

Solar  Arrays each of which provide 250-square fee t  of gross s o l a r  c e l l  area. 

The ro l lup  s o l a r  a r r ay  cons i s t s  of four  major elements: 

Vehicle Mounting St ruc ture  

. Wrap Drum/Panel Support S t ruc tu re  

Wrap Drum 

Solar  Panel 

Design t r ade  s t u d i e s ,  ana lys i s  and development v e r i f i c a t i o n  tests were con- 

ducted t o  select  t h e  most promising configurat ion.  

design of t he  se l ec t ed  configurat ion has been performed. 

been conducted i n  depth t o  iden t i fy  a l l  elements of  t h e  s o l a r  a r ray .  

major drawings which def ine the  se l ec t ed  design are contained i n  Section 7.5. 

Detai l  stress, dynamic thermal and weights ana lys i s  has been performed t o  

insure ,  with maximum confidence, conformance with the  d e t a i l  spec i f i ca t ion  

requirements. 

A d e t a i l  preliminary 

This design has 

The 
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Tests were performed during t h e  stu3y and preliminary design a c t i v i t i e s  t o  

i d e n t i f y  s u i t a b l e  materials and t o  e s t a b l i s h  t h e i r  c h a r a c t e r i s t i c s .  A f u l l  

s i z e  drum with s i x  s u b s t r a t e  panels ,  mass loaded t o  simulate the  250-square 

foot s o l a r  panel,  was t e s t e d  t o  t h e  40g (0 t o  peak) s inusoida l  launch environ- 

ment. This t e s t  which i s  t h e  most c r i t i c a l  design environment was conducted 

t o  confirm t h e  system dynamic c h a r a c t e r i s t i c s  and t o  s u b s t a n t i a t e  t h e  

a n a l y t i c a l  p red ic t ions  and t o  v e r i f y  t h e  c r i t i ca l  elements o f  t he  s o l a r  a r ray .  

A f u l l  scale model was f ab r i ca t ed  t o  demonstrate the  deployment/retraction 

c h a r a c t e r i s t i c s  of t h e  a r ray  design. 

of var ious extension pos i t ions  i n  Sect ion 2.7. 

This model is  described with photographs 

The ca lcu la ted  weight of  t h e  major elements of t h e  250-square foot  ro l lup  

a r ray  i s  summarized as follows: 

ITEM - 
Array/Vehicle Mount 

Drum/Panel Support 

Drum A s  s emb 1 y 

CALCULATED 
WEIGHT - POUNDS 

5.83 

,3.67 

11.35 

Panel Assembly 10.95 

Deployment/Retraction System - 7.26 

TOTAL STRUCTURE 39.06 

41.37 2 

TOTAL 80.43 Pounds 

Solar  Cell and Electrical  @ 0.165 l b / f t  

A comparison of t h e  se l ec t ed  r o l l u p  s o l a r  a r ray  performance c h a r a c t e r i s t i c s  

with the cont rac t  and spec i f i ca t ion  requirements confirm t h a t  t h e  s e l e c t e d  

design will f u l f i l l  t h e  ob jec t ives  of the program. 

1-2 



CONTRACT REQUIREMENT5 

Power Output - 10.0 watts/square foot 

2 cm x 2 cm N/P 8 mil cells and mil 
cover glass 

Maximum number of cells per square foot - 225 

Gross cell area 250-square foot nominal 

Power Output per solar panel - 2.5 KW 

Nominal Panel Weight - 83.33 pounds 

Power/Weight - 30-Watts/Pound 

SELECTED DESIGN 
CONFORMANCE 

LO .O watts/square foot 

Same 

224. 

250.72 

2 . 5 0 7  

80.43 

31.16 

1-3 



2.0 TECHNICAL DISCUSSION 

2 . 1  APPLICABLE DOCUMENTS 

a.  System Speci f ica t ion  No. SS501407, Rev. A, dated 4 January 1967, t i t l e d :  

ROLLUP SOLAR CELL ARRAY, 30-WATTS PER POUND, DETAIL REQUIREMENTS FOR. 

b. Contract No. 951971, dated 26 June 1967, Ca l i fo rn ia  I n s t i t u t e  of  

Technology, J e t  Propulsion Laboratory, f o r  a FEASIBILITY STUDY, 30-WATTS 

PER POUND, ROLL-UP SOLAR ARRAY. 

2 .2  PROGRAM OBJECTIVES 

The objec t ive  of t h i s  program has been t o  perform a design study and ana lys i s ,  

concluding with a preliminary engineering design, of a 250-square foo t ,  ro l lup ,  

s o l a r  a r ray  capable of producing 30-watts pe r  pound, o r  g rea t e r .  

t h i s  study has been devoted t o  evaluat ing the  f e a s i b i l i t y  of manufacturing 

the  r o l l u p  s o l a r  ce l l  a r r ay  from ex i s t ing  mater ia l s  and technologies,  o r ,  
from materials and techniques t h a t  could be  developed t o  production use, one 

year  from t h e  conclusion of  t h e  Phase I study. 

A p a r t  o f  

The design c r i t e r i a  defined i n  the  d e t a i l  spec i f i ca t ion  (Reference 4) es tab-  

l i s h  t h e  e lec t r ica l  and mechanical fea tures  of t h e  ro l lup  s o l a r  ce l l  a r ray  

and t h e  environmental cons t r a in t s  f o r  s e l ec t ing  acceptable mater ia l s  and 

processes.  

defined as 1,000 square feet  of displayed s o l a r  ce l l  area, arranged on a 

spacecraf t  as four  autonomous subarrays,  each of  250-square feet .  

discussion i n  t h i s  r epor t  w i l l  therefore  be concerned with an a r ray  area of 

250-square fee t .  

For c l a r i f i c a t i o n  purposes t h e  complete r o l l u p  s o l a r  a r r ay  i s  

A l l  f u r t h e r  

The design study was a l s o  concerned with the  equipment d i r e c t l y  associated 

with support  t a sks  f o r  an a r ray  program, such as handling and t ranspor ta t ion  

- f i x t u r e s ,  product t e s t i n g ,  e tc .  Likewise, f ab r i ca t ion  f e a s i b i l i t y  s tud ie s  

were concerned with such supporting funct ions as r e p a i r  and replacement proce- 

dures f o r  damaged components and with development of  reasonable increments of 

a c t i v i t y  t i m e  f o r  t h e  design, development ( f ab r i ca t ion ) ,  t e s t  and evaluat ion 

of a f u l l  s c a l e  prototype, s o l a r  a r ray .  

2 - 1  



A further objective of Phase I was t o  assemble a model of the selected con- 
figuration which would adequately demonstrate the deployment/retraction 
characteristics of the design. 

2.3 PROGRAM APPROACH 

The approach employed to achieve the objectives of the program consisted of: 

. The selection of the most promising rollout array concept that pro- 
vides the following characteristics : 

2.3.1 

. Design simplicity, 

. Maximum power/weight, 

. Positive deployment/retraction system, 

. Growth potential, 

. Minimized damage effects, 

. Analytically predictable, and 

. Manufacturing suitability. 

. Trade-off studies and analysis to establish the most efficient design 
for the major subelements of the solar array. 

. Preliminary design of the selected configuration and engineering 
development tests to verify the analytical predictions and/or design 
characteristics. 

. Full scale solar array model fabrication and demonstration. 

Concept Selection 

In preparing Ryan's precontract proposal to conduct the Phase I Feasibility 
Study, work performed on previous deployable solar cell array concepts was 
reviewed for applicability to contract objectives, particularly a design 
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f o r  a SO-square foot  a r ray ,  Figure 1, Reference 5. 

Ryan t o  use t h e  SO-square foo t  design as the  base l ine  concept f o r  an a r ray  

capable of producing 30-watts per  pound. 

general  arrangement w a s  wel l -sui ted t o  the  envelope described i n  t h e  J P L  

Spec i f ica t ion ,  Figure 2 .  

This experience encouraged 

Inves t iga t ions  had shown t h a t  t he  

The design u t i l i z e s  two extendible  beams t h a t  continuously support  a f l e x i b l e ,  

f i lm-type s u b s t r a t e  along each longi tudina l  edge. 

are approximately c i r c u l a r  i n  cross  sec t ion  when extended. 

press  t o  t h e  equivalent  of f l a t  metal s t r i p s ,  capable of wrapping about a 
cy l ind r i ca l  s torage  drum. 

vided by an arrangement of "guides" t h a t  are i n t e g r a l  with the  drum and d r ive  

system support  s t r u c t u r e .  The s o l a r  ce l l  layout,  c i r c u i t r y  and connecting 

devices are designed t o  match t h e  f l e x i b i i l i t y  of t he  subs t r a t e .  

d r ive  system, arranged t o  synchronously ac tua te  both beams, i s  used t o  

accomplish a r r ay  deployment and r e t r a c t i o n .  

The beams, made of metal, 

They r ead i ly  com- 

Direction and support of t h e  extended beams i s  pro- 

A mechanical 

Experience gained i n  f ab r i ca t ing  t h e  f u l l  s c a l e  SO-square foot  design l e n t  

confidence t o  the  f a b r i c a t i o n  f e a s i b i l i t y  of  a much l a r g e r  a r ray .  

r i c a t i o n  and demonstration and component t e s t i n g  had es tab l i shed  co r re l a t ion  

Model fab- 

with t h e  o r i g i n a l  design philosophyand a n a l y t i c a l  methods t h a t  were used. 

There was s u f f i c i e n t  evidence i n  each aspect  t h a t  was considered t o  warrant 

s e l ec t ion  of  t h e  design concept f o r  i n i t i a l  study and evaluat ion.  

decis ion then permitted an e a r l y  de t a i l ed  inves t iga t ion  of a r ray  subsystems 

t h a t  would otherwise have been deferred u n t i l  conceptual s tud ie s  were 

comp 1 e t  ed . 

This 

2.3.2 Trade-off Studies  

2 .3 .2 .1  Design Studies  

Studies  were conducted during the  i n i t i a l  phase of  t he  contract  considering 

s u i t a b l e  candidate concepts,  materials and processes f o r  each of t h e  major 

items of  t h e  s o l a r  a r ray .  A matrix t a b l e  was es tab l i shed  and each of t he  

items evaluated i n  order  t o  e s t a b l i s h  t h e  prefer red  design. 

trates t h e  matrix cha r t ,  i d e n t i f i e s  t he  items considered, t h e i r  numerical 

evaluat ion and denotes t h e  se l ec t ed  design concept. 

Table 1 i l l u s -  
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Figure 1 50 Square Foot Roll-Up So la r  Array Ver t i ca l ly  Deployed 4 
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2.3.2.2 Analyt ical  Studies  

Concurrent with t h e  design s tud ie s  ana ly t i ca l  and parametric inves t iga t ions  

were conducted t o  eva lua te  and subs t an t i a t e  each of  t he  various candidate 

designs.  The following b a s i c  t a sks  were accomplished: 

a.  

b.  

C .  

d. 

e. 

Conducted a complete de t a i l ed  weight ana lys i s  of  t h e  proposed design con- 

cept  f o r  use a s  a t a r g e t  design weight during t h e  t rade-off  study and 

d e t a i l e d  work i n  Phase I .  

formance confidence was questionable.  

t h i s  t a r g e t  weight was based upon, (1) the  base l ine  requirements of 

10-watts/square foot ,  (2)  a poss ib le  4% f a c t o r  above nominal s t r u c t u r e  

weight t o  allow f o r  materials and manufacturing to le rance  va r i a t ions .  

Weight contingencies were added whenever per- 

The watts/pound ca lcu la ted  from 

Maintained a ca lcu la ted  power/weight monitor based upon various t rade-off  

study concepts and d e t a i l  design changes. 

Analy t ica l ly  compared the  e f f e c t s ,  on panel s t r u c t u r e  and s o l a r  c e l l  

s t r u c t u r a l  i n t e g r i t y ,  of  t he  launch environments o f  s inusoida l  v ib ra t ion ,  

acous t ics ,  random v ib ra t ion ,  and s t eady- s t a t e  acce lera t ion .  

Used t o  advantage f o r  ana lys i s  and refinement of t h i s  design t h e  r e s u l t s  

as they became ava i lab le ,  of t he  environmental q u a l i f i c a t i o n  t e s t  of t he  

SO-square foot r o l l u p  panel.  

Conducted d e t a i l e d  s inusoida l  dynamic ana lys i s  o f  t h e  stowed configura- 

t i o n  t o  f i n d  na tu ra l  frequencies f o r  use i n  determining load d i s t r i b u t i o n s  

f o r  stress ana lys i s .  

t o  minimize de f l ec t ion  of t h e  stowed panel by decoupling t h e  following 

b a s i c  s t r u c t u r a l  components : 

Refinements of t he  s t r u c t u r a l  design were then made 

(1) wrap drum 

(2) stowed panel 

(3) wrap drum end p l a t e s  

(4) spacecraf t  mounts. 
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f .  

g. 

h .  

i. 

Conducted thermal ana lys i s  of deployed panel t o  determine s o l a r  c e l l  

operating temperatures near Earth and Venus encounter. The base l ine  

s o l a r  c e l l  power output of 10-watts/square foot a t  1 A . U .  was ve r i f i ed .  

Effects  on temperatures using Kapton and f ibe rg la s s  subs t r a t e s  were 

analyzed. 

Conducted c i r c u i t  ana lys i s  t o  e s t a b l i s h  optimum c e l l  arrangement and 

output vol tage leve ls .  

Invest igated and optimized power transmission system. 

Conducted component and materials s u i t a b i l i t y  t e s t s ,  

2 . 3 . 3  Preliminary Design and Analysis 

A preliminary d e t a i l  design of  t h e  se l ec t ed  s o l a r  a r r ay  concept was conducted 

This design a c t i v i t y  was extended i n  depth t o  include and iden t i fy  a l l  e l e -  

ments of  t he  a r ray  and the  preparat ion of drawings from which prototype 

hardware could be fabr ica ted .  

The ana ly t i ca l  support  was extended and re f ined  t o  adequately subs t an t i a t e  

and p red ic t  t h e  c h a r a c t e r i s t i c s  of t he  a r ray .  

To support and v e r i f y  the  se l ec t ed  configurat ion,  t h e  following s i g n i f i c a n t  

tasks  were accomplished: 

a. A 1/4-scale  model of t he  a r ray  was fabr ica ted  t o  demonstrate t h e  design 

fea tures  and was used t o  evaluate  and improve t h e  operat ional  

charac te r i s  t i c s .  

b.  Conducted thermal ana lys i s  f o r  use i n  approximating expansion and con- 

t r a c t i o n  of  t he  panel r e l a t i v e  t o  the  space frame. 

ca lcu la t ing  r e s u l t i n g  induced s o l a r  panel loads and v e r i f i e d  the  

necess i ty  f o r  a s l i p  j o i n t  i n  the  drum axial d i r ec t ion  a t  one spacecraf t  

mount. 

This was used i n  
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c. Conducted thermal ana lys i s  of  stowed panel f o r  end-on s o l a r  f l u x  condi- 

t i ons  t o  determine magnitude o f  relative s t r u c t u r e  growth o r  contract ion 

and r e s u l t i n g  induced loads between subs t r a t e  and beam guides. 

d. Conducted f u l l  s i z e  drum and stowed panel mass s inusoida l  v ib ra t ion  

tes ts  t o  ve r i fy  t h e  major design elements and t h e  c h a r a c t e r i s t i c  mode 

shapes and t r a n s m i s s i b i l i t i e s  as used i n  t h e  de t a i l ed  stress and dynamic 

ana lys i s .  

e .  Conducted s inusoida l  v ib ra t ion  development t e s t i n g  of various s o l a r  c e l l  

matrices using var ious interconnect  configurat ions and ce l l  bonding 

techniques with t h e  Kapton subs t r a t e .  

f .  Conducted breadboard t e s t i n g  of  t h e  ex tens ion/ re t rac t ion  motors t o  

e s t a b l i s h  t h e i r  operat ional  c h a r a c t e r i s t i c s  and t o  v e r i f y  the  operat ional  

s u i t a b i l i t y  of t h e  deployment system. 

g. Weight measurements were made of  samples of  representa t ive  s o l a r  c e l l  

i n s t a l l a t i o n s  t o  v e r i f y  the  pounds/square foot  value used i n  t h e  power/ 

weight monitor and f o r  de t a i l ed  stress ana lys i s .  

2 . 3 . 4  Deployment Model 

A f u l l  s i ze  ro l lup  s o l a r  a r ray  deployment model was designed and f ab r i ca t ed  t o :  

a. Demonstrate t he  deployment c h a r a c t e r i s t i c s  of t h e  a r ray  design. 

b .  Confirm t h e  manufacturing s u i t a b i l i t y  of t he  se l ec t ed  design. 

c. Confirm t h e  minimal type of  spec ia l  support  equipment f o r  adequate 

support  and handling of  a l a rge  area ro l lup  s o l a r  a r ray .  
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2.4 CONFIGURATION DEFINITION AND STUDIES 

This s ec t ion  presents  a d e t a i l e d  descr ip t ion  o f  t he  se l ec t ed  s o l a r  a r ray  

design with a review of design t r ade  s tud ie s  where appl icable ,  descr ip t ions  

of  ground support  equipment and a discussion o f  t h e  manufacturing f e a s i b i l i t y  

of t he  a r ray .  

sented i n  Sect ion 7.5. 

Engineering drawings f o r  each of  t h e  items discussed are pre- 

2.4.1 Functional Descr ipt ion 

The s o l a r  a r r ay  i n s t a l l a t i o n  is  shown i n  Figure 2 .  

providing 250 square feet  o f  s o l a r  cel l  area are mounted along t h e  s ides  of  

t he  spacec ra f t .  

so l a r  ce l l  area capable of producing a t  least 10 k i lowat t s  o f  raw power a t  

a i r  mass zero,  a t  55°C and 1 A.U.  equivalent  s o l a r  i n t e n s i t y .  

weight r a t i o  of t h e  a r r ay  is  31.16 watts/pound. 

Four subsolar  a r rays  each 

When extended t h e  s o l a r  a r ray  provides 1,000 square fee t  of 

The power t o  

Each subsolar  a r ray  cons i s t s  of  t h e  following major elements: 

. Solar  Panel 

. D r u m  Assembly 

. Deployable Beams 

. Extension-Retraction System 

. Supports f o r  Drum and Beams 

. Spacecraft  Mounting S t ruc tu re  

During launch t h e  f l e x i b l e  s o l a r  panel i s  stowed on t h e  wrap drum. 

deployment is des i red ,  two compressed tubular  beams t o  which the  panel is 

at tached are extended from t h e  r o t a t i n g  drum. 

of t h e  panel during deployment and r e t r a c t i o n .  

When 

The beams cont ro l  t h e  pos i t ion  

Electrical power from the  s o l a r  ce l l s  is  co l l ec t ed  by i n t e g r a l  busses lami- 

nated t o  the  panel s u b s t r a t e  and t r ans fe r r ed  by means of s l i p  r ings  through 

the  wrap drum t o  t h e  spacecraf t .  
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2.4.2 Mechanical-Structural  Design 

2.4.2.1 So la r  Panel 

The s o l a r  panel cons i s t s  of an assembly o f  t h i r t e e n  subpanels with s o l a r  cel ls  

and one subpanel a t  t h e  ou te r  end providing a thermal blanket  t o  p ro tec t  t h e  

stowed a r r ay .  

power transmission bus i n t e g r a l l y  bonded between Kapton doublers along the  

s u b s t r a t e  edges. 

beams by means of  f l e x i b l e  f ibe rg la s s  tapes bonded with RTV-3145 adhesive. 

The s u b s t r a t e  i s  0.001 inch th i ck  Kapton type H with the  

The subpanels a r e  connected t o  themselves and t h e  deployable 

The power transmission bus i s  0.001 inch aluminum f o i l  bonded t o  t h e  subs t r a t e  

with FM-1044R adhesive.  The aluminum f o i l  bus i s  loca l ly  s i l ve r  p l a t ed  at 
areas where s l o t s  are provided i n  t h e  Kapton in su la t ion  t o  permit so lder  

connections. So la r  c e l l  submodules of  2 cm x 2 c m  N/P s i l i c o n  ce l l s  a re  

bonded t o  t h e  Kapton s u b s t r a t e  with RTV-3145 adhesive. 

interconnect ions a r e  described i n  d e t a i l  i n  Sect ion 2.4.3. 

The c e l l  layout and 

Polyurethane foam damper pads are bonded t o  t h e  rear sur face  of  the subs t r a t e  

t o  p ro tec t  t he  s o l a r  ce l l s  during launch. The damper pads are arranged i n  a 

decreasingly dense p a t t e r n  from the  drum outboard t o  t h e  t i p  o f  t h e  panel.  

The outer  thermal blanket  cons is t s  of  two layers  of  Kapton Type H separated 

by foam pads. 

aluminum coat ing with an addi t iona l  coating of  s i l i c o n  monoxide on t h e  s i d e  

facing t h e  sun. 

The e x t e r i o r  sur faces  of  t h e  Kapton H have a vacuum deposited 

Trade s tud ie s  (References 1, 2 ,  3) considered va r i a t ions  i n  the  number and 

arrangement of  t he  subpanels. Also, severa l  edge attachment methods were 

evaluated including aluminum f o i l  connectors and s i l i c o n e  rubber coated g l a s s  

c lo th  t abs .  Subs t ra te  materials inves t iga ted  included f ibe rg la s s  re inforced 

epoxy shee t ,  mylar, and Kapton f i l m s .  Various arrangements and d e n s i t i e s  of 

damping pads using both s i l i c o n e  and polyurethane foam were considered i n  

determining t h e  optimum design. 
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Power bus provisions using f l a t  ribbon, s t randed wire and laminated f o i l  

conductors of  copper o r  aluminum were compared. 

Various s i l i c o n e ,  epoxy and polyimide adhesives were evaluated f o r  bonding 

the  s o l a r  c e l l s ,  subs t r a t e ,  power bus, and attaghment tabs .  

A thermal ana lys i s  was performed t o  determine temperature gradients  and t o  

compare methods of thermal cont ro l .  

2.4.2.2 D r u m  Assembly 

The drum assembly supports t h e  s o l a r  panels i n  the  stowed pos i t ion .  

drum i s  a magnesium sheet  metal cyl inder  with flanged l ightening holes  

incorporated on t h e  cy l ind r i ca l  sur face .  The drum i s  s t i f f e n e d  i n t e r n a l l y  

with three  equally spaced magnesium r ings .  

bonded aluminum honeycomb sandwich bulkhead t o  which axis hubs of machined 

magnesium a l l o y  are fastened. 

The 

Each end contains an adhesive 

A s l i p - r ing  assembly f o r  power t r a n s f e r  i s  i n s t a l l e d  a t  one of t he  bulkhead 

hubs. E l e c t r i c a l  lead-through i n s e r t s  a r e  provided a t  each end with adjacent 

access holes and covers. 

Radial fence bracke ts  are at tached t o  t h e  periphery of the  drum nea r  each end 

t o  insure  co r rec t  beam alignment and t o  t r ans fe r  stowed s o l a r  panel a x i a l  

loads t o  the  drum s t r u c t u r e .  

Trade s tudies  considered t h e  inf luence of drum diameter, length,  and s t i f f -  

ness on the  ove ra l l  system ef f ic iency .  Magnesium and beryllium shee t  metal 

drums along with aluminum o r  f ibe rg la s s  faced honeycomb sandwich connections 

were evaluated (Reference 1). 

Other f ac to r s  considered were r e l a t i v e  f e a s i b i l i t y  of f ab r i ca t ion  and cos t .  

Al ternate  power t r a n s f e r  systems compared included s l i p  r ings ,  co i led  cable 

and magnetic c i r c u i t .  
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2.4.2.3 Deployable Beams 

The deployable beams provide support  and cont ro l  of t he  s o l a r  panels.  

beams are connected a t  t h e  outer  end by an aluminum i n t e r c o s t a l  t o  which the  

s o l a r  panel is  a l s o  a t tached .  

The 

The beams are constructed of t i tanium a l l o y  (6A1-4V) 0.003 inch th ick .  The 

beam shape is  a tubu la r  cross  sec t ion  which can be  compressed within i t s  

e las t ic  l i m i t  t o  a f l a t  configurat ion.  

lower su r face  which have been seam welded along the  edges t o  provide t h e  

des i red  cross  sec t ion .  

t o  one crown of  t he  beam. 

of a rack and pinion gear  dr ive  system. 

Each beam i s  composed of  an upper and 

A corrugated s t r i p  of t h e  same a l l o y  i s  spot  welded 

This corrugated s t r i p  provides t h e  rack por t ion  

Trade s tud ie s  considered var ious beam cross  sec t ions ,  gauges and mater ia l s  

including t i tanium, f ibe rg la s s ,  beryllium-copper and s t a i n l e s s  s teel .  The 

beam sec t ion  and p rope r t i e s  were optimized i n  t h e  t i tanium beam se l ec t ed  

(Reference 1 ) .  

2.4.2.4 Extension-Retraction System 

The ex tens ion- re t rac t ion  system includes the  d r ive  motors, power t r a n s f e r  

devices and associated cont ro l .  

p inion gears  a t  each end of a magnesium dr ive  s h a f t  engage t h e  corrugated 

beam d r ive  s t r i p  thus synchronizing t h e  r e l a t i v e  pos i t i on  of  t he  two beams. 

During deployment and r e t r ac t ion ,mapes ium 

Deployment d r ive  power i s  provided by a motor gear  box system at tached t o  the  

dr ive  s h a f t .  

t o  provide redundancy. 

extend t h e  a r ray  a t  approximately h a l f  normal speed. 

provided by a motor a t tached t o  t h e  drum end hub. 

Double motors working through a d i f f e r e n t i a l  gear  box a re  used 

In  t h e  event one motor fails t h e  remaining motor w i l l  

Retract ion dr ive  i s  

In order  t o  insure  proper wrapping and unwrapping of t he  beam i t  is  necessary 

t o  maintain tension on t h a t  por t ion  of  t h e  beam between t h e  dr ive  pinion and 

the drum. This tension i s  produced by drag ac t ion  of  t he  r e t r a c t i o n  motor 
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during extension and the  extension motor during r e t r ac t ion .  

produced by d i f f e r e n t i a l  control  of t he  motors through an e l ec t ron ic  

control  system (Section 2.4.3). 
motors when t h e  a r ray  reaches e i t h e r  t h e  f u l l y  deployed o r  r e t r ac t ed  pos i t ion  

The drag i s  

L i m i t  switches shut o f f  power t o  t h e  

A redundant r e l ease  c lu tch  and a one way dr ive  clutch a r e  incorporated i n t o  

the  r e t r a c t i o n  motor dr ive.  

with a f a i l e d  r e t r a c t i o n  motor. 

ac t  as a brake, t h e  a r ray  could be extended by the  main deployment motors 

overriding t h e  r e l ease  c lu tch ,  causing it t o  s l i p .  

ment motors reverse  and retract the  u n i t ;  t h e  one way dr ive  clutch would 

overrun and allow t h e  drum t o  turn.  

would not necessar i ly  be assured. 

r e t r a c t i o n  a f t e r  launch. 

t o  prevent damage t o  t h e  beam dr ive  s t r i p  corrugations should the  dr ive  and 

wrap motors be out of phase. 

Their function i s  t o  permit t he  a r ray  t o  operate 

Though the  r e t r a c t i o n  motor might f a i l  t o  

On r e t r a c t i o n  the  deploy- 

In  t h i s  event, a t i g h t  wrap condition 

However, t h i s  is  not c r i t i c a l  f o r  a 

The r e l ease  clutch a l so  serves  as  a sa fe ty  measure 

Various deployment/retraction concepts were inves t iga ted  during the  study 

phase. 

box attached t o  t h e  dr ive  sha f t .  

f l e x i b l e  b e l t  powered by a pul ley take-off from the  d r ive  s h a f t .  

showed t h a t  t h i s  system did  not provide the  desired tension i n  t h e  beams 

required t o  achieve proper wrapping cha rac t e r i s t i c s .  

One concept u t i l i z e d  the  double gear motor and d i f f e r e n t i a l  gear 

The drum was driven simultaneously by a 

Model tests 

Other designs f o r  t h e  extension-retract  system which were invest igated were 

a f r i c t i o n  d r ive  u t i l i z i n g  a s i l i c o n e  rubber faced dr ive  wheel, a rack and 

pinion dr ive u t i l i z i n g  s i l i c o n e  rubber d r ive  s t r i p ,  and a sprocket d r ive  

which engaged holes i n  the  beam. 

2 i4 .2 .5  Drum and Beam Support S t ruc ture  

The drum assembly i s  supported a t  each end of t he  drum axle  by machined 

magnesium mounts. These mounts are attached t o  magnesium sheet  metal box 

sec t ions  which support and pos i t ion  t h e  deployable beams with g l a s s  re in-  

forced t e f lon  guides. 
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The drum axle  bearings a re  caged i n  a magnesium guide which fea tures  s t a i n l e s s  

s t e e l  r o l l e r s  and which a r e  contained i n  the  machined mounting track. 

guide-track arrangement controls  t he  pos i t ion  o f  t h e  drum and allows f o r  

movement i n  a s ing le  plane as required as the  diameter var ies  with the  number 

of beam wraps. 

tension spr ings thus maintaining alignment of t h e  drum-beam tangency with 

the  beam support  guides.  

The 

The drum is  re ta ined  against  t h e  pinion extension gears by 

The drum support  mounts provide t h e  in t e r f ace  f o r  a t taching the  s o l a r  a r ray  

t o  the  vehic le  mounting s t ruc tu re .  A t  one end a f ixed  attachment is made 

and a t  t h e  opposite end a s l i d i n g  f i t t i n g  (ax ia l  d i r ec t ion  of drum) i s  pro- 

vided t o  allow f o r  thermal expansion/contraction. 

The box sec t ion  which supports t he  beam guides a l so  provides the  extension 

motor, pinion gear  and d r ive  s h a f t  mounting provis ions.  

a r e  a t tached t o  the  box s t r u c t u r e  i n  a manner which allows l a t e r a l  freedom 

f o r  poss ib le  subs t r a t e  thermal contract ion.  

The beam guides 

The preceeding t r ade  s tud ie s  included b a s i c  concepts fo r  the  mechanical eom- 

pensation arrangement e s s e n t i a l  t o  adjustment of  diameter change i n  the  

wrapped subs t r a t e  during deployment o r  r e t r a c t i o n :  

a. 

b .  

A f ixed  drum with a pivot ing guide. 

forward end and dr iven by a cam mechanism a t  t h e  r e a r  i n  such a manner 

t h a t  it follows t h e  increasing o r  decreasing diameter of the  wrapped 

drum. 

The beam guide i s  pivoted a t  i t s  

Floating drum and f ixed  guides.  

f ixed  d r ive  and i d l e r  r o l l e r s .  

on t h e  f ixed  support  s t ruc tu re .  

i n  contact  with t h e  r o l l e r s .  A s  the  drum subs t r a t e  increase  o r  decreases 

i n  diameter t h e  drum center  r i s e s  o r  fa l l s  i n  the  s l i d e .  (This was t h e  

b a s i s  of  t he  se l ec t ed  concept.) 

With t h i s  scheme t h e  drum rests on 

The drum center  bearings work i n  s l i d e s  

Heavy tens ion  spr ings keep the  drum 
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2.4.2.6 Array-to-Vehicle Attachment 

The s t r u c t u r a l  assembly t h a t  i s  used t o  mount four  250-square fobt  arrays t o  

the  spacecraf t  is a r i g h t  angle box s t r u c t u r e  used a t  each of  t he  four  cor- 

ners  of the  spacecraf t .  

t u r e  and are augmented with tubular  bracing t o  the spacecraf t  corners.  

u n i t  supports t h e  end of an adjacent a r r ay  by means of  magnesium f i t t i n g s .  

One f i t t i n g  is  designed f o r  f ixed  attachment of the  array;  t h e  o ther  f i t t i n g  

i s  configured as a capt ive s l i d e  t r ack  which permits t h e  a r ray  t o  wrap and 

i t s  support s t r u c t u r e  t o  expand or  cont rac t  i n  t h e  d i r e c t i o n  of t h e  wrap 

drum ax i s .  

They are constructed o f  an aluminum sheet  metal s t ruc -  

Each 

In  the  t rade  study phase, four  schemes were inves t iga ted  f o r  the  type of 

s t r u c t u r e  t h a t  would mount upon the  spacecraf t  and support  t he  a r ray  assembly: 

a. A tubular  mounting arrangement represent ing a t r u s s  made up of tubes,  

pin- jointed a t  i n t e r sec t ions .  

b.  An X-frame design. I t  cons is t s  of an aluminum box s t r u c t u r e  i n  the  form 

of an "X" which provides a common mounting f o r  t h e  end of one ro l lup  

u n i t  and t h e  opposite end of the  adjacent un i t .  

by tube s t r u t s  f o r  loads i n  the  v e r t i c a l  plane.  

The s t r u c t u r e  i s  braced 

c. A box-mount arrangement. 

spacecraf t  and provides a common support  f o r  two r o l l u p  u n i t s  similar 

t o  the  X-frame design. 

The s t r u c t u r e  mounts t o  the  corner of t h e  

(Concept s e l ec t ed  f o r  d e t a i l  design.)  

d .  A support s t r u c t u r e  with r e s i l i en t - type  shock mounts. A s t r u c t u r a l  box 

at taches t o  the  corner of t h e  spacecraf t  u t i l i z i n g  shock mounts between 

t h e  box member and the  r o l l u p  u n i t .  

inves t iga ted  involving appl ica t ion  of a mechanical damping device.  

This scheme was the  only concept 
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2.4.3 E lec t r i ca l  Designs 

2.4.3.1 Solar  Cell I n s t a l l a t i o n  

Cell Layout 

Various s o l a r  c e l l  layouts ( i . e . ,  module s i z e s ,  arrangements, and c i r c u i t r y )  

were s tud ied  t o  determine the  most s a t i s f a c t o r y  design. Prime a t t en t ion  was 

given t o  (1) c e l l  layout per  ava i lab le  a rea ,  (2) circuit-module designs, 

(3) interconnect configurations,  and (4) general  s u i t a b i l i t y  of t h e  s o l a r  

c e l l  i n s t a l l a t i o n  f o r  t h i n  f i l m ,  f l e x i b l e  subs t ra te .  

Layouts were inves t iga ted  using the  conventional 2 x 2 cm cells and a l s o  the  

la rge  area,  2 x 6 c m  c e l l s .  Use o f  t he  la rger  cells was s tudied because o f  

po ten t i a l  gains i n  e l e c t r i c a l  output and the  p o s s i b i l i t y  o f  more e f f i c i e n t  

use o f  ava i lab le  subs t r a t e  area.  

t a c t  designs were objec ts  of in tens ive  study. 

Interconnect concepts and s o l a r  c e l l  con- 

Solar  Cel l s  

The s i l i c o n  s o l a r  c e l l  of 8-mil thickness ,  N on P configuration, was used i n  

a l l  s tud ies .  

Coverglass 

Spec i f ic  information regarding r ad ia t ion  spectrum ant ic ipa ted  t o  be encoun- 

te red  was not included; therefore ,  no d e t a i l  s tud ie s  were performed t o  

optimize coverglass use.  On these terms, t he  most s u i t a b l e  coverglass, con- 

s ider ing  c e l l  output,  cos t ,  and handling was judged t o  be microsheets with 

an a n t i r e f l e c t i v e  (AR) coating. 

Conductor Leads 

Study was devoted t o  various meter ia ls  and manufacturing techniques f o r  con- 

ductor leads which would be used t o  c o l l e c t  series-connected c e l l s  i n t o  

p a r a l l e l  c i r c u i t r y  ( t ransversely across the  array)  and connect t he  f l e x i b l e  
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longi tudinal  leads bringing co l lec ted  power i n t o  the  inboard end of t he  array.  

Conductor designs were considered which would be  made from p l a s t i c  shielded 

wire and/or ribbon, conductive metal f o i l ,  a b ime ta l l i c  composite o r  p la ted  

base metal. 

transmission bus bars  along both longi tudinal  edges of t he  a r ray  and connecting 

t ransverse  module leads t o  both s ides .  

Redundancy was assured i n  t h e  a r r ay  by planning f o r  primary power 

The two longi tudinal  transmission bus bars  would terminate on terminal boards 

incorporated on t h e  inboard end of t he  deployable subs t r a t e  assembly. 

Solar  Cel l -Substrate  In t e r f ace  

To evaluate t h i s  i n t e r f a c e  design, Mylar, Kapton H, and Kapton HF (Kapton H 

with Teflon) were considered. 

handling, adhesive appl ica t ion ,  and projected serv ice  l i f e  c h a r a c t e r i s t i c s  of 

t h e  se l ec t ed  materials. 

Studies  s t r e s s e d  comparative evaluat ion of 

Diodes 

Requirements f o r  blocking diodes were s tud ied  bu t  t he re  appears t o  be no 

foundation f o r  t h e i r  use.  Chief reasons f o r  no t  using diodes a re :  

. The s u b s t r a t e  i s  a nonconductive mater ia l  and not  subjec t  t o  the  

sho r t  circuit hazards associated with use of me ta l l i c ,  r i g i d  

subs t r a t e .  

. The fact t h a t  shadow e f f e c t s  are assumed t o  approach a complete 

ec l ip se  of t h e  a r r ay  r a t h e r  than loca l ,  concentrated area shadows. 

Description of Selected Configuration 

The s o l a r  ce l l  a r ea  of each s o l a r  panel i s  250.7 square feet u t i l i z i n g  224 

2 x 2 cm c e l l s  per  square foo t .  

panels each containing 4,320 individual  cells connected i n  s e r i e s - p a r a l l e l  

i n  e ight  c i r c u i t s .  

s e r i e s  (four subc i r cu i t s  of 45 c e l l s  i n  s e r i e s ) .  

The s o l a r  panel is composed of t h i r t e e n  sub- 

Each c i r c u i t  cons i s t s  of  t h ree  cells  i n  p a r a l l e l  by 180 i n  
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This configuration u t i l i z i n g  a 2 ohm base r e s i s t i v i t y  s o l a r  cel l  a t  a tempera- 

t u r e  of 5 5 O C  w i l l  generate  approximately 76 v o l t s  a t  t h e  maximum power point .  

The subpanel layout is  shown i n  Figure 3 .  

The a rea  covered by c e l l s  on each subpanel i s  76.83 x 36.81 inches. This con- 

f igu ra t ion  allows 45 c e l l s  t o  be placed i n  s e r i e s  on t h e  panel and 96 cells i n  

p a r a l l e l .  

The 2 x 2 c m  c e l l  i s  manufactured t o  0.788 -+0.005 inch i n  both dimensions. 

The c e l l  spacing i s  0.010 inch between p a r a l l e l  s o l a r  cells and 0.017 inch 

between s e r i e s  connected c e l l s .  Spacing between s o l a r  c e l l  submodules is 

0.012 inch.  

The layout has been made using upper s i d e  l i m i t s  of cell  dimensions t o  avoid 

poss ib le  in t e r f e rence  between c e l l s  and t o  permit g rea t e r  f l e x i b i l i t y  i n  

assembly tool ing.  

Solaflex(R) s e r i e s  interconnects  were se lec ted  t o  optimize c i r c u i t  r e l i a b i l i t y .  

The design i s  i l l u s t r a t e d  i n  Figure 4. 

A l l  so lde r  connections are redundant and access ib le  from the  c e l l  s i d e  sur face  

of t he  panel.  

The power transmission bus cons is t s  of 0.001 inch aluminum f o i l  laminated on 

the  subs t r a t e .  

i n  t he  subs t r a t e  i n su la t ion .  

mult i layer  f o i l  conductors and by reversing juxtaposed c i r c u i t s .  

of the  longi tudinal  bus increases  from t h e  outboard t o  inboard end of t he  

a r ray  t o  maintain a constant conductor r e s i s t ance  power l o s s  of 0.10 watts 

per  square foot .  

the  current  across t h e  subpanel j o i n t s .  

s i d e  of t he  subpanels f o r  redundancy. 

Access f o r  so lde r  connections i s  provided by means of s l o t s  

Magnetic f i e l d s  are minimized by u t i l i z i n g  

The width 

Flexible  f o i l  o r  expanded mesh jumpers are used t o  conduct 

A main power bus is routed along each 

d 
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int e 
Bus 

Figure 4 Typical Solaf lex(R) Interconnections 
For 2 x 2 cm Bar Contact, Solar Cells 
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2 . 4 . 3 . 2  E l e c t r i c a l  Transmission - Array-to-Vehicle 

This system transmits current  generated by the  s o l a r  c e l l s  from t h e  deployed 

ar ray  t o  the  spacecraf t  e l e c t r i c a l  system. 

t i on  of the  wrap drum and consequently t h e  harness and/or ro t a t ing  conductor 

must be compatible with wrap drum operation. 

The design must accommodate rota-  

Three designs were inves t iga ted  i n  t rade  s tud ie s :  

a .  A continuous co i led  harness.  The continuous c o i l  is  formed so t h a t  

during r e t r a c t i o n  t h e  c o i l  winds up and unwinds during deployment. 

b. External d i s c  s l i p  r ings .  

t i n g  s t r i p s  are f ixed t o  t h e  end of t h e  drum so t h a t  they r o t a t e  with 

t h e  drum. 

support s t r u c t u r e  and conduct current  from the  drum. 

Several conductor d i sc s  separated by insula-  

Spring loaded, s t a t iona ry  pickup brushes mount t o  t h e  a r ray  

c. In te rna l  s l i p  r ings .  

pickup brushes within the  ro t a t ing  s h a f t  of t h e  drum. 

are a s e r i e s  of r ings  in s ide  the  s h a f t  t h a t  r o t a t e  with the  drum. 

pickup brushes a r e  s t a t iona ry ,  being f ixed t o  the  outs ide s t r u c t u r e  and 

inser ted  in s ide  t h e  ro t a t ing  sha f t .  

This method uses a s e r i e s  of s l i p  r ings and 

The contacts  

The 

Item (c ) ,  i n t e r n a l  s l i p  r ings ,  were se lec ted  f o r  incorporation i n  the  d e t a i l  

design. 

2.4.3.3 Command and Control System 

The command switch would be actuated by t h e  spacecraf t  da ta  l i nk  and e l e c t r i -  

cal power supplied through it t o  deploy o r  r e t r a c t  t h e  panel. 

Two l i m i t  switches are mounted on the  guide support s t ruc tu re .  

power when t h e  panel i s  f u l l y  extended; t h e  o the r  tu rns  o f f  power when t h e  

panel is f u l l y  r e t r ac t ed .  

One turns  o f f  
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Control is accomplished by means of a closed-loop e l ec t ron ic  servo-system 

which compares the  load on t h e  "driving" motor with the  load on the  "drag" 

motor. 

and the  drum i s  appl ied during deployment o r  r e t r a c t i o n .  

I t  ad jus t s  t h e  drag t o  in su re  t h a t  proper tension between the  beams 

S t r a i n  sensors (sensing motor torque) measure t h e  load each motor is  applying 

t o  the  system and converts it t o  an e l e c t r i c a l  s igna l  which is  t ransmit ted t o  

the e l e c t r o n i c  control  c i r c u i t .  The e l ec t ron ic  cont ro l  c i r c u i t  cont ro ls  t he  

amount of drag between t h e  two d r ive  motor u n i t s .  

2.4.4 Mater ia ls  and Processes 

2.4.4.1 Selected Materials 

Materials used i n  t h e  design have been chosen with regard t o  t h e  funct ional  

and environmental requirements of JPL spec i f i ca t ion  SS501407A. 

of mater ia l s  has been based on t h e i r  a b i l i t y  t o  meet t h e  requirements of t h e  

design and t o  withstand deep space environment. 

t i n g  mater ia l s  included r e s i s t ance  t o  r ad ia t ion ,  thermal cycling, and r e l e a s e  

of condensing gases.  

and ground handling. Several  mater ia l s  f o r  each appl ica t ion  were considered 

tQ determine the  bes t  choice. 

The se l ec t ion  

Factors considered i n  evalua- 

Also considered were methods o f  fabr ica t ion ,  assembly 

Table 2 summarizes the  materials used, proper t ies  and the  bas i s  f o r  t h e i r  

s e l ec t ion .  

There a r e  some general  areas of concern i n  se l ec t ing  mater ia l s .  

t he  material should have the  proper t ies  required f o r  t h e  launch and f l i g h t  

environment. 

F i r s t ,  a l l  

Another considerat ion i s  t h e  extent  t o  which exo t i c  o r  s ta te -of - the-ar t  

mater ia l s  are employed. 

t he  r i s k  involved with extensive employment of advanced materials undergoing 

development. 

Obviously, use of well known, proven materials avoids 
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In  the  s o l a r  panel design, analyt ic21 consideration has been given t o  use of 

beryllium and advanced composites, but t h e i r  use i s  not considered j u s t i f i e d  

by the  modest weight differences predicted when o f f s e t  by t h e  general r i s k s  

r e l a t e d  t o  f ab r i ca t ion  problems, cos t ,  and r e l i a b i l i t y  of performance. 

Another consideration of s ign i f icance  is  the  extent t o  which non-metallic 

mater ia ls  a r e  used and the  types of non-metallic mater ia ls .  

p a r t i c u l a r l y  important because of t h e  wide va r i a t ion  i n  proper t ies  with 

respect  t o  environmental conditions and p a r t i c u l a r l y  because of the  tendency 

of most t o  release v o l a t i l e  condensible materials (VCM) i n  t h e  vacuum environ- 

ment. 

These choices are 

Resistance t o  penetrat ing r ad ia t ion  of l o 7  rads must a l s o  be considered. 

The se l ec t ion  of a mater ia l  must be based on i t s  a b i l i t y  t o  perform i ts  design 

function with r e l i a b i l i t y .  In  most cases, the  se lec ted  s o l a r  a r ray  employs 

mater ia l s  which meet t h e  objec t ive  of l e s s  than 1 . 0  percent weight l o s s  and 

l e s s  than 0 . 1  percent VCM a t  125OC and t o r r .  

In a few cases,  i n  order t o  meet design funct ion requirements, mater ia ls  have 

been se lec ted  which, as prepared, exceed the  desired l i m i t s  of  VCM. However, 

these mater ia ls  w i l l  be e i t h e r  sealed i n  t h e i r  design appl icat ion o r  can be 

thermal vacuum cleaned t o  remove excess v o l a t i l e  mater ia l .  

Table 3 summarizes the  proper t ies  of various non-metallic materials chosen i n  

the  preliminary design. 

required t o  ve r i fy  t h e  accep tab i l i t y  of t h e  mater ia ls  as they are  employed 

i n  the  design. 

Some addi t iona l  t e s t s  on composite elements a re  

Materials choices and t h e i r  design re la t ionship  a re  discussed i n  t h e  following 

paragraphs. 

2.4.4.2 Solar  Panel 

The s o l a r  panel cons is t s  of t h e  subs t r a t e ,  a t t ach  t abs ,  damping pads, power 

bus, s o l a r  cells ,  cover s l i d e s ,  ce l l  interconnects and adhesives. 
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The subs t r a t e  material is  Kapton Type H s e l ec t ed  f o r  i t s  exce l len t  r e s i s t ance  

t o  the  space environment. 

from -250 t o  +4OO0C (Reference 7) and good r ad ia t ion  r e s i s t ance  up t o  

5 x 10 rads (Reference 8) .  Kapton has good handling proper t ies  except f o r  

low propagation tear s t r eng th  (8 grams pe r  mi l ) .  

s ions  must be made i n  t h e  design t o  prevent start  of tears. 
provided on a l l  edges of t he  Kapton subs t r a t e .  

conductors which are i n t e g r a l l y  laminated t o  t h e  Kapton provide addi t iona l  

edge s t rength .  

Kapton has a broad range of service temperatures 

8 

This is s o  low t h a t  provi- 

Doublers are 
The aluminum f o i l  power bus 

The bus f o i l  is  bonded using FM 1044R adhesive and Kapton f i l m  i n su la t ion .  

FM1044R has been se l ec t ed  i n  t h i s  appl ica t ion  because of  i t s  f l e x i b i l i t y  and 

r e l i a b l e  adhesion. 

i t s  proper t ies  over t h e  temperature range of t h e  f l i g h t  environment. 

I t  is  a t h i n  f i l m ,  thermosett ing adhesive which maintains 

This adhesive is  a nylon-epoxy type with r e l a t i v e l y  high (2.99 percent) VCM 

content.  

e n t i r e l y  contained between layers  of Kapton which w i l l  prevent t he  r e l ease  of 

v o l a t i l e  components. 

However, it i s  reasonable t o  use i n  t h i s  appl ica t ion  because it i s  

Element t e s t s  can be conducted t o  ver i fy  the  s u i t a b i l i t y  of  t h i s  configurat ion 

with respect  t o  VCM content.  

The power bus conductor is aluminum (1100 EC-grade) which has been shown i n  

the  t r ade  study t o  have t h e  lowest weight. 

l o c a l l y  where s o l d e r a b i l i t y  is  required.  This technique, enabling repeated 

solder ing operations during f ab r i ca t ion  has been demonstrated i n  development 

t e s t i n g  (Reference 3 ) .  

The aluminum is s i l v e r  p la ted  

Cell interconnections are made using s i l v e r  p la ted  copper conductors. 

mater ia l  s e l ec t ion  is based pr imari ly  on the  r e l i a b i l i t y  of p l a t ing  on copper 

compared t o  p l a t ing  on molybdenum. 

This 

(See Sect ion 2.6.10.) 

Damper pads a r e  f l e x i b l e  polyurethane foam Eccofoam FS, 2.0 pounds/cubic 

foo t .  
I 
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The se l ec t ion  of t h i s  material is  based pr imari ly  on t h e  weight advan- 

tage over s i l i c o n e  foam which has dens i t i e s  of about ten  pounds/cubic foot  

f o r  the  same damping c h a r a c t e r i s t i c .  

cone foam i s  -9OOC t o  315OC compared with -55OC t o  -15OoC f o r  t he  polyurethane 

foam. A t  t he  lower temperature l i m i t s ,  t he  f l e x i b l e  foams become r i g i d ;  

however, t he  c r i t i c a l  damping requirement e x i s t s  a t  launch when temperature i s  

not a f a c t o r .  

The serv ice  temperature ranges of s i l i -  

A f a c t o r  involved i n  the  se l ec t ion  of damping mater ia l  is  the  requirement f o r  

i n s ign i f i can t  r e l ease  of v o l a t i l e  condensing mater ia l .  

VCM content i n  excess of 0 .6  percent by weight a t  125°C and 

fo re ,  it w i l l  be des i rab le  t o  thermal vacuum clean the  pad mater ia l  t o  reduce 

the  VCM t o  a more acceptable leve l .  

Both mater ia ls  have 

t o r r .  There- 

Adhesives se lec ted  f o r  bonding s o l a r  c e l l s ,  cover s l i d e s ,  and subs t r a t e  edge 

attachment a r e  a l l  of t he  s i l i c o n e  RTV type.  

by design funct ion requirements and the  need f o r  uniform proper t ies  i n  the  

space environment. 

These se l ec t ions  a re  determined 

The adhesives proposed have been t e s t e d  t o  ve r i fy  t h e i r  a b i l i t y  t o  withstand 

thermal cycling from -195OC t o  14OoC a t  

(Reference 1 and 3 . )  

t o r r  without degradation. 

The cover s l i d e  adhesive is RTV 602 which is  se lec ted  pr imari ly  f o r  i ts  

r e l i a b i l i t y  and proven use on successful  space missions.  

The s o l a r  cel l  adhesive se lec ted  i s  RTV 3145 (Dow Corning) which i n  t e s t i n g  

exhibi ted superior  adhesion t o  Kapton as  well  as consis tent  handling and 

curing cha rac t e r i s t i c s .  

RTV 3145 is  a one component amine-curing s i l i c o n e  system which has met the  

needs f o r  a f l e x i b l e  adhesive bond of t i tanium doublers t o  the  f l e x i b l e  

t i tanium beams used and t e s t e d  i n  t h e  Ryan 50-square foot  s o l a r  array program. 

This is  the  bas i s  f o r  s e l ec t ing  the  RTV 3145 t o  bond t h e  f l e x i b l e  subs t r a t e  

a t t ach  tabs  t o  the  Kapton subs t r a t e  and t i tanium beams. 
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As a class the  RTV s i l i c o n e  adhesive have VCM content which exceeds the  

desired amount. 

0.6 percent .  

cleaning the  a r r ay  a f t e r  assembly. 

Expected VCM content a t  125°C and t o r r  is  g rea t e r  than 

This can be reduced t o  more acceptable leve ls  by thermal vacuum 

A woven f ibe rg la s s  tape  i s  used for  t h e  f l e x i b l e  a t t ach  tabs  connecting t h e  

s u b s t r a t e  modules and the  t i tanium deployable beam. The material s e l ec t ed  is  
a 0.003 inch th i ck ,  1.0 inch wide tape.  

woven edge provides t h e  t e n s i l e  s t rength  (135 pounds/inch) and f l e x i b i l i t y  

required.  

The use of a dry g l a s s  tape with a 

Candidate mater ia l s  f o r  t h e  subs t r a t e  included Kapton, Mylar and f ibe rg la s s  

re inforced p l a s t i c .  

i n  t h i n  shee t ,  and s u i t a b i l i t y  f o r  space environment. 

Teflon f i l m s  a r e  s u b s t a n t i l a l y  heavier  than the  se l ec t ed  candidates.  

These materials were considered because of a v a i l a b i l i t y  

S i l icone  rubber o r  

A fiberglass-epoxy r e s i n  s u b s t r a t e  had been previously se l ec t ed  f o r  t h e  

50-square f o o t  s o l a r  a r ray  design i n  order  t o  meet deployment and mid-course 

maneuver requirements. However, i n  t h i s  design, the  reduced load require-  

ments and weight ob jec t ives  suggested considerat ion of  very t h i n  films. 

Several  adhesive systems were evaluated for use i n  the  a r ray .  

adhesives considered include FM-1000, FM-l044R, and FM-96U (American Cyanamid); 

Narmco 225 and Narmco 329 (Whittaker Corporation);  EPON 934 and EPON 956 (Shell  

Chemical Company); TR150-25 (Therm0 Resist, Inc.) ;  RTV-3145, S i l a s t i c  140 

(Dow Corning), and GT- 100 [Sch j e ldahl )  . 

St ruc tu ra l  

For s o l a r  c e l l  adhesives, t h e  following were considered: 

RTV 511, RTV 577, RTV 602 (General E l e c t r i c ) ;  Sylgard 182 and 92-024 (Dow 

Corning). 

RTV 108, RTV 41, 

These materials a r e  genera l ly  acceptable t o  the  spec i f i ed  environment with 

the  epoxy and polyimide types being considered more r e s i s t a n t  than t h e  

s i l i cones .  

2-30 



In order t o  p ro tec t  t h e  s o l a r  c e l l s  i n  the  stowed pos i t ion  during launch, a 

cushion o r  pad arrangement m u s t  be provided. 

a densi ty  of  10 t o  20 pounds/cubic foot were previously invest igated and 

found s u i t a b l e  f o r  s t e r i l i z a t i o n ,  launch and space environment. In t h i s  
design, lower foam d e n s i t i e s  were needed t o  meet weight ob jec t ives .  

fore ,  f l ex ib l e  polyurethaqe foam was evaluated and se lec ted  because of i t s  

more uniform proper t ies  at dens i t i e s  as low as 2.0 pounds/cubic foot .  

S i l icone  foam mater ia ls  having 

There- 

2.4.4.3 Deployment System 

The deployment system cons is t s  of  t h e  s torage drum, the  drum s l i d e ,  bearings,  

r e t a in ing  spr ing ,  t h e  beam guides, deployable beams, t h e  dr ive  pinion and 

dr ive sha f t .  

The drum mater ia l  i s  magnesium AZ-31B.  

ana ly t i ca l  t r ade  s tudy which shows that magnesium adequately meets t he  launch 

loads.  

o r  r i v e t s .  

This se l ec t ion  has been based on the  

The s t r u c t u r e  i s  r ead i ly  fabr ica ted  o f  sheet  metal using spot welds 

A pro tec t ive  coating of Dow 17 i s  applied f o r  corrosion res i s tance .  

The drum and bulkheads a re  an aluminum faced-aluminum honeycomb s t ruc tu re  

adhesive bonded with EM-96U. 

t o  weight r a t i o  of t h e  aluminum facings and the  s t i f f n e s s  requirements of t he  

launch environment. 

FM-96U, an unsupported f i l m  adhesive which has r e l i a b l e  mechanical proper t ies  

and meets the  space environment requirements. 

This se l ec t ion  was based on the  high s t rength  

The sandwich s t ruc tu re  i s  r ead i ly  fabr icated using 

The drum s l i d e  i s  machined from magnesium AZ-31B which is  se lec ted  f o r  l i g h t -  

weight and fabr ica t ion  f e a s i b i l i t y .  

The drum spindle  bearings and drum s l i d e  bearings are s t a i n l e s s  steel se lec ted  

because of  i t s  hardness and nonmagnetic property.  
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The r e t a in ing  spr ings are type 316 s ta inless  steel  se l ec t ed  t o  provide a 

nonmagnetic mater ia l  of high mechanical proper t ies .  

The dr ive  s h a f t  and dr ive  gear  are of magnesium construct ion se lec ted  f o r  

l ightweight and f ab r i ca t ion  f e a s i b i l i t y .  The magnesium dr ive  sha f t  is t r e a t e d  

with Dow 17. 

f i l m  4306. 
The d r ive  pinion is  treated with Dow 19 and coated with Electro- 

2.4.4.4 Support S t ruc ture  

The support s t r u c t u r e  cons is t s  of  t h e  spacecraf t  mount and the  drum support. 

The spacecraf t  attachment is  7079 aluminum a l loy ,  chosen during ana lys i s  f o r  

i t s  s t i f f n e s s  i n  t h i s  appl ica t ion .  The aluminum sur face  is  polished t o  pro- 

vide a low emittance f o r  thermal cont ro l .  

The drum support is  made of AZ-31B magnesium. 

low densi ty  of  magnesium and i ts  fab r i ca t ion  f e a s i b i l i t y .  

faces  of  t he  support  are coated with vacuum deposited aluminum f o r  thermal 

control  purposes. 

a base f o r  adhesion of Cat-a-Lac 473-1-500 c l e a r  epoxy coating used under the  

vacuum deposited aluminum. 

This se l ec t ion  i s  based on the  

The exposed sur-  

Dow 19 coating i s  applied f o r  corrosion r e s i s t ance  and as 

During the design study various mater ia l s  were considered f o r  t he  s t r u c t u r a l  

and mechanical components of t h e  array.  

beryll ium, beryllium-copper, magnesium, corrosion r e s i s t a n t  s t e e l  and t i t a n -  

ium.  

The metals considered were aluminum, 

A l l  of  t hese  metals are space qua l i f i ed  and present  no s i g n i f i c a n t  

environmental problems. 

2.4.4.5 Beams 

Titanium (6AL-4V) was selectec because o i t s  high r a t i o  of t e n s i l e  y i e ld  

s t rength  t o  modulus. 

annealing a t  temperatures from 1,OOO’F t o  1,300°F. 

cess an oxide sur face  is  formed on the  t i tanium which can be  cont ro l led  t o  

give s a t i s f a c t o r y  emittance values f o r  thermal cont ro l .  

In  addi t ion ,  it can be s a t i s f a c t o r i l y  formed by 

During the  forming pro- 
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The beam guide is  machined from Teflon-reinforced with g lass  f i b e r .  

material is se l ec t ed  f o r  i t s  reasonable s t r eng th  and low coe f f i c i en t  of 

f r i c t i o n  (0.04). Teflon w i l l  maintain usefu l  proper t ies  from - 2 O O O C  t o  

+32OoC. 

This 

Materials considered f o r  t h e  support beams include t i tanium, beryllium-copper, 

s t a i n l e s s  s t e e l  and g l a s s  f i b e r  re inforced p l a s t i c .  Each of these candidate 

mater ia l s  can be  fabr ica ted  successful ly  i n t o  t h e  beam configuration t o  meet 

funct ional  and environmental requirements. 

The f e a s i b i l i t y  of forming long metal beams ( a t  least 40 f e e t )  was considered, 

Titanium beams 20 f e e t  long have been formed i n  a f u l l  length hea t  t r e a t  f i x -  

t u r e  (Reference 5 ) .  Longer beams can be f ab r i ca t ed  by (1) extending t h e  s ize  
of  too l ing  f i x t u r e s  and furnaces,  (2) by using a continuous forming process,  

o r  (3) by incorporat ing s p l i c e  j o i n t s  i n  the  beam. The use of  s p l i c e  j o i n t s  

i s  appl icable .  Several  t i tanium beam test  sec t ions  have been sp l i ced  by 

welding t o  produce a s a t i s f a c t o r y  j o i n t .  

beryllium-copper and s t e e l .  

This method is  a l so  appl icable  t o  

Equipment l imi ta t ions  oppose the  u$e of l a rge r  too l ing  f ix tu re s  t o  produce 

beams 40 feet long. 

ab le  promise but  requi res  too l ing  development. 

be appl icable  t o  the  reinforced p l a s t i c  beams. 

Continuous forming appears t o  be f e a s i b l e  with consider- 

Continuous forming would not  

2.4.4.6 Lubricants 

The lubr icants  have been se l ec t ed  t o  f u l f i l l  t he  design and manufacturing 

requirements and t o  provide sa t i s f ac to ry  funct ional  cha rac t e r i s t i c s  i n  and 

a f t e r  a long t i m e  exposure tQ deep space environments. 

appl ica t ion  greases and o i l s  have been used but  because of t h e  low v o l a t i l i t y  

cons t ra in t  i n  t h i s  program, preference t o  use dry f i l m  lubr icants  because of 

t h e i r  neg l ig ib l e  r e l ease  of v o l a t i l e  material and t o  preclude surface adhesion 

of the  contact metals. 

I n  previous space 
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The dry f i l m  lubr icants  considered mqst acceptable are Electrofilm 4306, 

containing molybdenum d i su l f ide ,  and MPB Corporation DL-5, tungsten d i su l f ide .  

The four  main areas t o  be considered f o r  lubr ica t ion  a re :  

a. D r u m  sp indle  bear ings.  

b.  Drum s l i d e  r o l l e r s .  

c. Drive s h a f t  bushings. 

d. Extension and r e t r a c t i o n  motor gear t r a i n s .  

The drum spindle  bearings and t h e  drum s l i d e  r o l l e r s  are made from s t a i n l e s s  

s t e e l .  The bearing races  and t h e  drum s l i d e ,  r o l l e r s  and r o l l e r  t rack  a r e  

coated with Electrof i lm 4306. 

The dr ive  s h a f t  i s  made from magnesium and is supported a t  each end by g l a s s  

re inforced t e f l o n  s leeve  bushings. No lubr icant  is  considered necessary. 

The lubr icants  f o r  both the  extension and r e t r ac t ion  motor gear t r a i n  w i l l  be 

se lec ted  tQ meet t h e  design environments and t o  provide s a t i s f a c t o r y  funct ional  

c h a r a c t e r i s t i c s .  Sui tab le  systems are  ava i lab le  and have been proven i n  space 

appl icat ions.  

2 .4 .5  Ground Support Equipment 

The following are considered t o  be the  major items of  ground support equipment 

t h a t  w i  11 be needed. 

a. Handling platform. 

b. Rollout demonstration f i x t u r e .  

c. Shipping container .  
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2.  A .  5.  I Handling Platform 

The handling platform (Figure 5) cons is t s  of a p a l l e t  on which the  subarray 

is  assembled and remains at tached except when t h e  u n i t  is assembled t o  a 

simulated spacecraf t  mounting o r  a v ib ra t ion  f i x t u r e .  

f o r  mounting the  drum end support s t ruc tu res .  

near t h e  corners of  t h e  p a l l e t  f o r  attachment t o  the  r o l l o u t  demonstration 

I t  has four  brackets  

Single  b o l t  lugs a re  provided 

f i x t u r e  aqd a l s o  f o r  securing t o  shock mounts i n  t h e  shipping container.  

venient l i f t i n g  handles a r e  provided. 

Con- 

2.4.5.2 Rollout Demonstration Fixture  

The r o l l o u t  demonstration f i x t u r e  (Figure 6) cons is t s  o f :  

. Four i d e n t i c a l  t a b l e  sec t ions  (approximately 3 '  high x 8'  wide x 1 2 '  

long) equipped with r o l l e r s  t h a t  support a l ightweight,  endless b e l t .  

The endless b e l t  is driven a t  one end by an e l e c t r i c  motor geared t o  

dr ive  a t  t h e  approximate r a t e  of t h e  r o l l o u t  deployment. The t ab le s  

are bol ted  together  t o  form a 48-foot long deployment platform capable 

of being broken down f o r  t ranspor ta t ion .  

. A support gantry t h a t  suspends t h e  stowed ar ray  i s  mounted on i t s  
handling p a l l e t  as a free-swinging pendulum. A linkage arm operates 

a va r i ab le  r e s i s t ance  cont ro l  which var ies  t he  endless b e l t  motor 

speed. During deployment o r  r e t r a c t i o n  of t h e  panel on the  endless 

b e l t ,  any tendency of t he  b e l t  t o  induce fo re  o r  a f t  drag on the  sys- 

tem i s  r eg i s t e red  as a swing from v e r t i c a l  and t h e  b e l t  d r ive  motor 

power i s  var ied  t o  compensate. 

2.4.5.3 Shipping Container 

The shipping container  (Figure 7) cons is t s  of a reinforced box s t r u c t u r e  t h a t  

w i l l  accept t h e  stowed subarray on i ts  handling p a l l e t .  

accomplished by four  v ib ra t ion  shock i s o l a t o r s .  

Attachment is 
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Figure 7 Shipping Container 
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2.4.6 Manufacturing F e a s i b i l i t y  

A key element a f f ec t ing  the  successful  performance of  a f l i g h t  system i s  the  

f e a s i b i l i t y  of manufacturing the  device t o  meet t h e  design and funct ional  re- 

quirements. 

f e a s i b i l i t y  has been a p r inc ipa l  considerat ion.  

From concept development through preliminary design, manufacturing 

Throughout Phase I ,  a t t e n t i o n  was given t o  the  producib i l i ty  of  t he  a r ray  and 

i ts  equipments. 

en t  manufacture o r  t he  comparative ease of accomplishing processing which was 

unique t o  a design. 

Trade s tud ie s  p a r t i c u l a r l y  weighed the  f e a s i b i l i t y  of compon- 

Major fea tures  of t he  design which are af fec ted  by the  f e a s i b i l i t y  of fabr ica-  

t i o n  include t h e  deployable beams, t h e  subs t r a t e  assembly, t h e  s o l a r  c e l l  

i n s t a l l a t i o n ,  t h e  deployment system, the  mounting s t r u c t u r e  and thermal control  

coating. 

The design se l ec t ed  makes maximum use of es tab l i shed  mater ia l s  and processes.  

S t ruc tu ra l  components, e l e c t r i c a l  devices and process systems a r e  used which 

can be r e a l i s t i c a l l y  employed t o  meet design requirements. 

A cons t ra in t  of t h e  cont rac t  was t a  l i m i t  mater ia l  and processing se lec t ions  

t o  those considered p r a c t i c a l  realities within one year  from t h e  completion date  

of  t h i s  cont rac t .  

by a review of t h e  materials and processing t h a t  have been chosen (see Section 

2 .4 .4) .  

designs.  Viewed from a manufacturing s tandpoint ,  t he  engineering design is  

q u i t e  simple. 

The Ryan concept is well  within t h i s  cons t ra in t  as evidenced 

The exo t i c  and new composite mater ia l s  were not  incorporated i n  

Complex configurat ions have been avoided. 

Subs t r a t  e Ass emb l v  

There a r e  many novel f ea tu re s  incorporated i n  the  s o l a r  panel assembly. 

f ac to r s  a f f ec t ing  manufacturing f e a s i b i l i t y  were inves t iga ted  and methods 

developed t o  conform t o  design goals .  

A l l  
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Adhesive systems and techniques for laminating foil bus conductors to Kapton 
H film were studied. 
aluminum bus bars, access slots for soldering, local silver plating, solar 
cell installation and interconnections. 

Sample panels were prepared incorporating laminated 

Solar Cell Installation 

Several adhesive systems for application of solar cells were studied. 
of roller coating was developed and demonstrated in fabrication of full size 
panels used for vibration test. 

A method 

Methods of interconnection of solar cells and spacing were determined and 
demonstrated to optimize feasibility of assembly. 

Solar cell installation methods were explored in the manufacture of solar 
panel segments to support test requirements and those specimens assembled for 
exhibit purposes. 
correspondingly large area of cells and coverglass will require careful 
planning and diligent care in cell application operations to preserve the 
integrity of the basic one-mil thick plastic substrate. Repair techniques 
for replacement of damaged cells have been worked out and demonstrated. A 
special handling fixture was developed to assist installation of the cells 
and electrical connections. 

Working with full size subpanels of Kapton material and a 

The fixture is a multipurpose tool, providing means of transportation and 
handling support and also serving as a protective storage aid. 
test procedures that validate the solar cell installation were resolved. 

Acceptance 

Deployable Beams 

Manufacturing procedures for fabrication of 47-foot long deployable beams 
were established and demonstrated. 
strip attached were manufactured for the deployment demonstration model. 
Materials requirements, tooling devices, handling methods, helding and 
splicing methods were determined to assure straightforward production of 

beam assemblies. 

Two full size beams with corrugated drive 
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Demonstration Model 

A c r i t i c a l  consideration t o  contend with is  the  r e l a t i v e l y  la rge  s i z e  of the  

a r ray  and t h e  handling and assembly of f o i l  gage mater ia l s  used i n  manufac- 

t u r e  of d e t a i l  p a r t s .  

Fabrication of t he  f u l l  scale demonstration model [see Section 2.7), has sub- 

s t a n t i a t e d  near ly  a l l  major s t r u c t u r a l  assembly manufacturing techniques. 

Assembly procedures and primary f i x t u r e  requirements were establ ished by 

t h i s  task.  

DeDlovment System 

The deployment system was incorporated i n  t h e  f u l l  s i z e  model. 

of fabr ica t ion  and s a t i s f a c t o r y  performance of t he  system was demonstrated. 

The f e a s i b i l i t y  

Thermal Control Coatings 

The f e a s i b i l i t y  of t he  thermal control  coating se lec ted  has been demonstrated 

on o ther  space f l i g h t  systems. 

These coatings a re  f eas ib l e ,  Special  handling is required which i s  s imi l a r  t o  

standard handling on space programs. 

In summary, it i s  f e l t  t h a t  manufacture and acceptance of the  la rge  area 

ro l lup  s o l a r  a r ray  as presented i n  t h i s  repor t  can be performed with good 

confidence. 

is  unnecessary. 

Development of new and unt r ied  methods and fabr ica t ion  techniques 

2.5 ANALYSES AND STUDIES 

This sec t ion  descr ibes  the  major ana ly t i ca l  s tud ies  performed which a re  

covered by the  following general  catagories:  

Structural/Mechanical and Thermal 
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Elec t r i ca l  

. R e l i a b i l i t y  

. Weight 

The method of approach is  given together  with t h e  conclusion reached. 

of t he  analyses are incorporated i n  the  Appendix. 
Details 

2,S.l Structural/Mechanical and Thermal Studies  

2.5.1.1 Panel Aspect Ratio Study 

This study was conducted t o  determine t h e  optimum deployed panel aspect r a t i o ,  

o r  length/width r a t i o  def ining the  s o l a r  c e l l  a rea ,  a c r i t e r i o n  considered t o  
be analogous t o  minimum weight design f o r  t h e  s o l a r  c e l l  a r ea  required.  

performance of t h i s  study, the  wrap drum and deployable beam lengths were 
By 

i 

establ ished.  

The study was s impl i f ied  by considering only those components whose weight 

w i l l  change, o r  effect an appreciable weight change i n  the  t o t a l  s t ruc tu re  

weight with a change i n  panel aspect r a t i o .  

t he  wrap drqm, t h e  deplqyable beams and the  spacecraf t  mounts. 

ponents such as subs t r a t e ,  d r ive  system, drum f i t t i n g s  and beam guides do not 

change as a funct ion of aspect  r a t i o ,  t o  s ign i f i can t ly  affect the  results of 

the study. 

These influencing components are 

Other com- 

The cons t ra in ts  set f o r t h  f o r  t he  purposes of t he  study were: 

a. That t h e  wrap drum dynamic def lec t ion  remains constant.  

b .  That t h e  deployable beam weight changes i n  d i r e c t  proportion t o  a change 

i n  length,  s ince  the  neg l ig ib l e  in-space loads on the  deployed beam do 

not  requi re  a change i n  beam cross sec t ioq  corresponding t o  a change i n  
length. 
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For comparison a 12-inch diameter Mg drun and six-inch diameter Be and Mg 

drums were considered. 

The curves i n  Figure 8 show the  r e l a t i v e  e f f e c t  of aspect r a t i o  change on the  

e l e c t r i c a l  power/weight r a t i o  at 1 A.U. s o l a r  f lux .  

aspect r a t i o  of 5.3 i s  shown, the  design goal of 30-watts/pound can be met 
f o r  r a t i o s  above 3.5.  L i t t l e  d i f fe rence  (approximately l/Z-watt/pound) r e s u l t s  

from the  use of a s ix- inch diameter Be drum versus a 12-inch diameter magnesium 

drum. The 12-inch diameter magnesium drum was se l ec t ed  because increased 

dynamic t r ans l a t ions  of t he  stowed panel subjec t  t o  s inusoidal  v ibra t ion  i n  

the  drum ax ia l  d i r ec t ion  would become a problem on a six-inch diameter drum. 

This i s  due t o  t he  increased wrap stack-up of a t  l e a s t  an addi t ional  1.5 inches. 

Drums l a r g e r  than 12-inch diameter were not considered because s u f f i c i e n t  

r i g i d i t y ,  f o r  minimizing induced v ibra t ion  loads t o  the  stowed panel,  o f  t he  
r e su l t i ng  longer spacecraf t  mounts becomes increasingly d i f f i c u l t  t o  obtain.  

Even though an optimum 

2.5.1.2 Deployment Beam Study 

Preliminary analysis  of beams used t o  car ry  the  stowed panel,  without longi- 

tud ina l  pretension,  t o  i t s  deployed configuration indicated t h a t  loads induced 

by spacecraf t  maneuver acce lera t ions  were ins ign i f i can t  f o r  use i n  se l ec t ing  

a reasonable beam cross sec t ion  compatible with handling and fabr ica t ion  con- 

s idera t ions .  Also, a deployed panel na tura l  frequency of 0.04 Hz could be met 

with a reasonable cross  sec t ion .  

Section 7.2.4 i n  t h i s  repor t . )  

(For a de ta i l ed  dynamic analysis ,  see 

Therefore, other  c r i t e r i a  were used f o r  design. 

The most c r i t i c a l  of these  a re :  

a .  To provide a support which w i l l  maintain deployed panel f l a t n e s s ,  t o  

within 210" of a t heo re t i ca l  plane when subjec t  t o  normal-to-plane s o l a r  

f l u x  envirompent of 260 mw/cm . 2 

b.  To provide a panel support t h a t  possesses growth po ten t i a l  f o r  

increased panel s ize  and/or load capabi l i ty .  
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c. To provide a panel support t h a t ,  with possible  degradation i n  s t rength 
capaci ty  of beam elements, w i l l  not r e s u l t  i n  the  lo s s  o r  degradation of 

t he  s o l a r  panel. 

To s a t i s f y  t h e  bas ic  requirements, a beam cross sec t ion  is needed which can be 

stowed on a drum and a f t e r  deployment be most e f f i c i e n t  i n  providing the  

bending and to r s iona l  s t a b i l i t y  fo r  t h e  deployed panel subject  t o  severe ther -  

mal environments. 

tubular  type beam. 

s idered t o  possess the  des i rab le  cha rac t e r i s t i c s  a re  shown i n  Figure 9. 

The l a t t e r  of these  requirements indicated a closed sec t ion ,  

Relat ive s t rength  and weights of candidate mater ia ls  con- 

This f igu re  shows t h a t  even when considering small bending moments, a weight 

savings of approximately 30% is r ea l i zed  fo r  6AL-4V t i tanium with respect  t o  

t h e  nearest  a l t e r n a t e .  

Once a beam design was establ ished t h a t  could f l a t t e n  f o r  wrapping on a drum 

and r e tu rn  t o  f u l l  open cross sec t ion  when deployed, t he  prime considerat ion 

f o r  s e l ec t ing  mater ia l ,  diameter and sheet  thickness i s  the  260 mw/cm ther -  

mal environment. The,beam must l i m i t  d i s t o r t i o n  of t h e  deployed s o l a r  panel 

t o  within + l o 4  with respect  t o  a theo re t i ca l  plane.  

t h i s  regard are: (a) t h e  panel d i s t o r t i o n  induced by the  deployed beams when 

a thermal gradient  e x i s t s  and (b) t h e  e f f ec t  of t h e  beams on reducing subs t ra te  

d i s to r t ion .  

2 

Two considerations i n  

The allowable out-of-plane d i s t o r t i o n  cons t ra in t  angle,  8 shown i n  Figure 10 

was reduced t o  + S o  f o r  ana lys i s  t o  compensate f o r  t he  e f f e c t s  of subs t r a t e  

inducing d i s t o r t i o n .  

Final s e l ec t ion  of t h e  beam was made a f t e r  thermal analysis  and a parametric 

study of thermal beam def lec t ion  versus weight of various beams of t i tanium, 

f ibe rg la s s ,  and Be-Cu mater ia l s ,  of varying diameters and of varying sheet  

thicknesses.  

is  l imited t o  0.003-inch as  a minimum f o r  handling and fabr ica t ion  reasons, 

t h e  l i g h t e s t  beam t o  s a t i s f y  a thermal d i s t o r t i o n  cons t ra in t  of angle 8 = 5 O  

would be of  f ibe rg la s s  and have a diameter of l e s s  than 0.85 inch. 

was not se lec ted  because (a) it i s  s t r u c t u r a l l y  weak f o r  demonstration of such 

The r e s u l t s  of the  study showed t h a t  i f  a beam sheet  thickness 

This beam 
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a large panel i n  a 1-g f i e l d  and (b) t h e  operating temperature i s  high f o r  

f ibe rg la s s .  The beam se lec ted  i s  1.7-inch diameter and of 6AL-4V t i tanium 

a l loy  because (a) temperature effects on t h i s  material, approximately 38S°F, 

a r e  less c r i t i c a l ,  (b) it is  more s t r u c t u r a l l y  compatible with a 1-g demon- 

s t r a t i o n  environment, (c) it meets the  cons t r a in t  requirements angle 0 and 

(d) it i s  equal i n  weight t o  a f ibe rg la s s  beam which would operate a t  
temperatures of about 310'F. A Be-Cu beam was found t o  t h e  heaviest .  

2.5.1.3 Beam Tir, I n t e rcos t a l  Studv 

Studies  were made t o  j u s t i f y  the  use of  an i n t e r c o s t a l  between the  deployable 

beams a t  t h e  outboard end of t he  panel and t o  optimize t h e  i n t e r c o s t a l  cross  

sec t ion  compatible with minimum weight. 

Results of ana lys i s  show t h a t  an unsupported outboard edge of the  panel would 

v ib ra t e  excessively when i n  the  stowed pos i t ion  and exci ted by launch vibra-  

t i on .  

a r e  t h a t  f a t igue  f a i l u r e  could occur along the  outboard attachments of panel 

t o  beams. 

the  panel i n  the  deployed configuration i n  space, r e l a t i v e  def lec t ions  of 

t he  panel and beams could cause dis turbing per turbat ions.  

Undesirable e f f e c t s  of excessive v ibra t ion  o f  t he  unsupported ,edge 

Also, without a s t r u c t u r a l  separat ion member a t  t h e  beam t i p s  with 

A des i rab le  advantage of t he  in t e rcos t a l  i s  the  a b i l i t y  t o  hold t h e  beam t i p s  

apar t  and cont ro l  t h e i r  pos i t i on  when deploying t h e  panel over a r o l l e r  support 

system i n  a 1-g f i e l d .  

used f o r  optimization of t h e  in t e rcos t a l .  

loading condi t ions,  t h a t  i s ,  induced v ibra t ion  t o  the  i n t e r c o s t a l  during launch, 

is  reduced t o  ins igni f icance  by locat ing the  i n t e r c o s t a l  such t h a t  it i s  

snubbed aga ins t  t he  panel wraps i n  the  stowed pos i t ion .  

s i t y  foam applied t o  the  i n t e r c o s t a l  w i l l  provide pro tec t ive  medium f o r  t he  

s o l a r  c e l l s  by at tenuat ing v ib ra t ion  energy between t h e  i n t e r c o s t a l  and 

stowed panel. 

Beam column loads induced under t h i s  condition were 
The more severe of t he  forementioned 

Polyurethane low den- 
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2.5.1.4 Wrap Drum Study 

The bas i c  considerations i n  se l ec t ion  of t h e  wrap drum diameter and skin con- 

cept a re  (a) s u f f i c i e n t  longi tudinal  bending s t i f f n e s s  t o  withstand launch 

v ibra t ion  exc i t a t ions ,  and Cb) s u f f i c i e n t  r a d i a l  elastic s t a b i l i t y  t o  with- 

s tand r a d i a l  pressures induced during launch i f  t h e  wrapped panel is  exci ted 

i n  a r a d i a l  mode of  v ibra t ion .  Since t h i s  design fea tures  a dr ive  through 

an aux i l i a ry  torque tube and the  fact t h a t  t o r s ion  considerations a re  l e s s  

severe than bending considerat ions,  t o r s ion  is  not  important. 

A wrap drum of 12-inches i n  diameter with magnesium sk in  was suggested i n  t h e  

panel aspect r a t i o  study and was therefore  pursued fu r the r  i n  t h i s  study. 

Two design concepts were considered f o r  comparison, (a) a magnesium skin drum 

and (b) a drum with the  sk in  s t a b i l i z e d  by honeycomb. In the  case of t he  

magnesium sk in  drum, i n t e r n a l  r ings are provided t o  s t a b i l i z e  the  sk in  from 

buckling inward when subjec t  t o  a r a d i a l l y  induced v ibra t ion  force from the  

wrapped panel. 

mizing weight where both r a d i a l  s t a b i l i t y  and longi tudinal  s t i f f n e s s  a re  of 

concern. 

Holes i n  the  skin are provided as an e f f i c i e n t  means of mini- 

The prime cons t ra in ts  considered f o r  use i n  se l ec t ing  the  optimum drum a r e  

(a) minimum weight and (b) stowed panel dynamic def lec t ion  l imited t o  0.25 

inch, 

t o  the  s o l a r  cell  i n s t a l l a t i o n  and minimizes the  clearance required between 

stowed ou te r  panel wrap and adjacent s t ruc tu re .  

The la t te r  cons t ra in t  minimizes t h e  p o s s i b i l i t i e s  of v ibra t ion  damage 

Analysis of a honeycomb sk in  s t i f f ened  drum on an equal bending def lec t ion  

bas i s  indicated t h a t  t h i s  concept would weigh more than the  magnesium r ing  

s t i f f ened  concept by an amount equal t o  the  weight of  honeycomb core and 

facing adhesives. 

on an equal s t rength  bas i s ;  however, dynamic def lec t ions  would be increased 

approximately 30% above t h a t  des i rab le  f o r  minimization of e f f e c t s  on the  

s o l a r  cells .  

d e t a i l .  

A 1% weight savings would be rea l ized  using the  honeycomb 

Therefore, only the  r ing  s t i f f e n e d  drum was pursued fu r the r  i n  
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Ring-stiffened magnesium drums of various diameters and shee t  thicknesses a r e  
p lo t t ed  as a funct ion of frequency i n  Figure 11 showing which diameter and 

sheet  thickness  combination r e s u l t s  i n  a minimum weight drum i n  which t h e  

bending de f l ec t ion  a t  v ib ra t ion  resonance i s  no g r e a t e r  than 0.25 inch. 

l y s i s  assumed pin-ended support  condi t ions a t  t h e  end mount bearings,  which 

has been v e r i f i e d  by tes t  on a f u l l  s ize  drum. 

with a sk in  of 0.032 inch th i ck  magnesium, 30% area l ightening holes ,  two 

i n t e r n a l  r ings  and a na tu ra l  frequency of SO Hz was se lec ted .  

was se l ec t ed  t o  provide r a d i a l  e l a s t i c  s t a b i l i t y  of t h e  drum sk in  subjec t  t o  

Ana- 

A drum of 12-inch diameter 

The r ing  spacing 

a dynamic r a d i a l  load. This load was 0.61 pound/square inch based on a 50-g 

response acce lera t ion  of 2/3 of t he  stowed panel wraps v ibra t ing  i n  a r a d i a l  

breathing mode. The se l ec t ed  drum was analyzed f o r  stresses i n  beam bending 

a t  v ib ra t ion  resonance using response acce lera t ions  of 50-g on the  wrapped 

panel and found t o  be s t r u c t u r a l l y  s a t i s f a c t o r y .  The SO-g level was based 

on an e f f e c t i v e  dynamic t r ansmissab i l i t y  of 10 t o  the  stowed panel.  

For comparison of t he  assumptions used i n  t h i s  study with tes t  r e s u l t s ,  i . e . ,  

(a) t h a t  t he  drum supports t h e  stowed panel i n  a beam bending mode of vibra-  
t i o n  and (b) t h a t  t h e  stowed panel dynamic t ransmissabi l i ty  i s  10, see Sect ion 

2.5.2. 

2.5.1.5 Effec ts  of Dynamics of Spacecraft  Mount 

Dynamic ana lys i s  of t he  proposed spacecraf t  mounts made of magnesium showed 

t h a t  they would not be s u f f i c i e n t l y  r i g i d  t o  l i m i t  dynamic response t o  t h e  

stowed panel of 50-g. 

ing t h e  drum was 60 Hz where as a minimum a design frequency of 150 Hz should 

be maintained.) 

0.25 inch, which was used as a cons t r a in t  t o  minimize t h e  p o s s i b i l i t y  of 

s o l a r  c e l l  damage. 

(The ca lcu la ted  na tu ra l  frequency of t h e  mount support- 

The r e s u l t  would be drum bending def lec t ions  g r e a t e r  than 

The poss ib le  so lu t ions  were: 

a. To use beryll ium for  t h e  spacecraf t  mount o r  f o r  t h e  wrap drum i n  place 

of magnesium. No weight increase over t h e  design proposed would r e s u l t .  3 
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b. Increase spacecraf t  mount s t i f f n e s s  by increasing i ts  cross  sec t ion  s ize  
and s u b s t i t u t e  f o r  t h e  proposed magnesium, material of s l i g h t l y  higher 

modulus of e l a s t i c i t y ,  bu t  of l i t t l e  dens i ty  increase,  such as aluminum.The 

increase  i n  weight was found t o  be small. 
r a t i o  was required due t o  a forced reduction i n  length of wrap drum t o  

accommodate t h e  l a r g e r  mount. 

A small change i n  panel aspect 

c. Use shock pads of  v i s c o e l a s t i c  medium between t h e  spacecraf t  mount and 

wrap drum t o  reduce dynamic exc i t a t ions  t o  the  stowed panel. 

b i l i t y  was discarded when ana lys i s  showed t h a t  a 1.4-inch de f l ec t ion  was 
required i n  t h e  shock pads i n  a l l  d i r ec t ions  normal t o  drum a x i s  t o  

a t t enua te  t h e  excess energy. 

magnitude and an addi t iona l  weight of about one pound were t h e  f a c t o r s  

which eliminated t h i s  concept. 

This possi-  

Dynamic motion of t h e  stowed panel of t h i s  

d. Use a v i b r a t i o n  snubber a t  t h e  cen te r  of  t h e  wrap drum t o  reduce bending 

de f l ec t ions .  This p o s s i b i l i t y  was discarded due t o  an addi t iona l  weight 

of about two pounds f o r  modification, neglecting addi t iona l  spacecraf t  

provisions.  

The so lu t ion  t o  t h i s  problem was t o  increase  t h e  spacecraf t  mount c ross  sec t ion  

s ize  and use aluminum, e f f e c t i n g  an increase  i n  s t i f f n e s s .  J u s t i f i c a t i o n s  

were : 

a. 

b .  Added weight is  small. 

c. 

d.  

That t h e  use of  beryllium was not required.  

Change i n  panel aspect r a t i o  from 5.3 t o  6.4 has small effect. 

Design goal of 30-watts/pound can be m e t .  

2.5.1.6 Drive Torque Tube Study 

A study was made t o  determine which of  two torque tubes (see Figure 12) design 

concepts would be of l e a s t  weight, (a) a torque tube which must ca r ry  i t s  own 

induced load a t  resonance i n  a s inusoida l  v ib ra t ion  environment and s u f f i c i e n t l y  

r i g i d  t o  minimize bending de f l ec t ion  under these  conditions and (b) one which 
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i s  snubbed against  v ibra t ion  a t  i t s  center. In the  weight comparison, it was 
assumed t h a t  a minimum sheet  metal member could be provided on the  spacecraf t  

bus t o  mount t he  snubber; t h e  weight of t h i s  member was not considered. 

Holes i n  the  tube wall were not considered s ince  to r s iona l  def lec t ion  must be 

minimized; r a t h e r  a tube of tapered wall thickness was considered f o r  weight 

reduction where bending r i g i d i t y  of an unsnubbed tube was of prime concern. 

The comparative weights of t h e  bas i c  tube i f  unsnubbed o r  snubbed were t h e  
same s ince  to r s iona l  r i g i d i t y  could not be sac r i f i ced .  

Dynamic analysis  of an unsnubbed tube,  using magnesium of 0,030 inch th ick  

wal l ,  showed t h a t  i t s  na tura l  bending frequency of 50 Hz would couple with 

t h a t  of the  wrapped panel/drum bending mode, requir ing addi t ional  spacing 

f o r  the  tube equal t o  0.34 inch. 

i n  length, adding weight t o  both the  mounts and dr ive  sprockets which a l so  

increase i n  s i z e .  I t  was decided t o  e l iminate  the  tube def lec t ion  by snubbing 

a t  i t s  center ;  an addi t iona l  weight o f  approximately 1/4-pound resu l ted .  (The 

e f f e c t  on the  e l e c t r i c a l  power/weight r a t i o  neglecting the spacecraf t  bus pro- 

v i s ions  would be small, about 1/10 watts/pounds.) The tube should be made of 

half- length tubes,  supported a t  one end by the  deployment guide s leeve mount 

and a t  the  o ther  by t h e  center  snubber. 

t o  provide f o r  thermal expansion/contraction a t  one supported end (center 

snubber) and provide f o r  ax ia l  load reac t ion  a t  the  o ther  end (guide s leeve 

mount). 

The torque tube mounts would then increase 

This should be done i n  such a way as 

2.5.1.7 Wrapped Panel Layer Separation Medium Study 

The primary reason f o r  use of a medium between the  wrapped subs t r a t e  layers  

is t o  prevent induced buf fe t ing  of s o l a r  c e l l s  during launch v ibra t ion  exci-  

t a t i o n s .  The more cr i t ical  environment of concern i s  the  4-g (0-Pk) sinusoi- 

dal  exc i ta t ion .  

The separat ion medium should (a) be of low densi ty  t o  minimize weight and 

(b) have the  proper spr ing rate t o  allow f o r  some energy absorption and ye t  

prevent excessive def lec t ion ,  possibly causing s o l a r  ce l l  contact and breakage 

a t  v ibra t ion  resonances. Also of importance i s  the  v ibra t ion  damping provided 

by t h i s  medium when considering t h e  wrap drum design. 
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Thermal s tud ie s  performed i n  the  t rade-off  study phase suggested t h a t  by 

l imi t ing  the  medium t o  concentrated areas ,  not t o  exceed 40% of the  s o l a r  

c e l l  a rea ,  w i l l  r e s u l t  i n  operating temperatures no g rea t e r  than 131°F a t  

1 A . U . ,  allowing an e l e c t r i c a l  output power of a t  l e a s t  10-watts/square foot .  

For maximum dynamic e f f ic iency ,  these  concentrated medium areas  should be 

d i sc  pads i n  shape. 

The cons t ra in ts  s e t  f o r t h  f o r  analysis  were tha t :  

a. Dynamic def lec t ion  of t h e  medium under s inusoidal  exc i t a t ion  a t  resonance 

s h a l l  be no g rea t e r  than 0.10 inch t o  prevent edge contact of s o l a r  c e l l s .  

b .  That separat ion medium thickness s h a l l  be no g rea t e r  than 0.15 inch t o  

prevent excessive build-up of stowed panel thickness.  

c .  That t he  spacing between pads be l imited t o  2.5 inches maximum so t h a t  

v ibra t ion  def lec t ion  of t he  wrapped subs t r a t e  i s  negl ig ib le  between pads. 

An analysis  based on pad def lec t ion  only is  thereby made possible .  

d. That t he  medium thickness be no less than 0.05 inch t o  prevent damage t o  

s o l a r  cells  subjec t  t o  possible  loads during wrapping on t h e  drum. 

e. That t he  medium thickness be constant on a l l  wraps t o  f a c i l i t a t e  ease of 

coordinating beam and panel wrap r a t e s .  

Select ion of  t he  optimum medium design on a minimum weight bas i s  s a t i s fy ing  

these cons t ra in ts  was made a f t e r  p l o t t i n g  weight versus na tura l  frequency of 

various configurat ions.  

Figure 13 shows t h e  p l o t  of na tu ra l  frequency of var ious medium configurations 

versus weight f o r  each respect ive panel wrap. 

These configurations vary i n  medium thickness and where the  medium thickness 

and where t h e  medium i s  less than a f u l l  blanket,  t h e  var iab le  is pad center  

d i s tance .  Pad diameters were he ld  constant a t  0.75 inch, a diameter which 

appears t o  be optimum, by examination. 

sponge medium. 

A similar p l o t  was made f o r  s i l i c o n e  
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The l i g h t e s t  weight medium shown i n  Figure 13 f o r  polyurethane foam w i l l  

resonate a t  52.5 Hz.  Lighter weight configurations,  t o  t he  r igh t  of the  opt i -  

mum v e r t i c a l  l i n e ,  would have pad area  coverage g rea t e r  than 40% and r e s u l t  i n  

excessive s o l a r  c e l l  operating temperatures. 

The study showed t h a t  t h e  l i g h t e s t  weight medium w i l l  r e s u l t  using polyurethane 

foam. 

obtainable,  w i l l  r e s u l t  i n  a t o t a l  medium weight of 2.4 pounds as compared t o  

17.2 pounds f o r  s i l i c o n e  foam of minimum obtainable densi ty .  

coverage w i l l  vary from 38% on the  second wrap t o  14% on the  outer  wrap. 

inner  wrap, where loads a re  maximum, w i l l  be supported by a f u l l  blanket 

bonded t o  the  drum. 

s t r a t e  w i l l  prevent excessive temperature of t he  s o l a r  c e l l s  on the  inboard 

subpanel, 

A nominal foam dens i ty  of 2.0 pounds/cubic foot ,  about t he  minimum 

The pad area  

The 

Bonding the  blanket t o  the  drum ra the r  than t o  the  sub- 

For comparison of na tu ra l  v ibra t ion  frequency shown here with t h a t  found by 

t e s t ,  see Section 2.5.2. 

2.5.1.8 Stowed Panel Axial Vibration Dynamics 

Large induced launch v ibra t ion  exc i ta t ions  t o  t he  wrapped panel i n  the  a x i a l  

d i rec t ion  would cause excessive motion of t h e  wrapped panel layers ,  possibly 

allowing the  wraps t o  s l i p  and d isp lace  r e l a t i v e  t o  each o ther  on t h e  drum, 

o r  displace the  two s i d e  deployment beams, which could then prevent normal 

deployment. 

A study was conducted t o  determine t h e  cross  sec t ion  and facing thicknesses 

of the  wrap drum honeycomb end p l a t e s  required t o  provide a minimum weight 

design s u f f i c i e n t l y  r i g i d  t o  minimize exc i t a t ion  accelerat ions t o  t h e  

wrapped panel.  

of a thermal s l i p  j o i n t  a t  one end of t he  wrap drum; therefore ,  dynamic ana- 

l y s i s  of t h e  f i n a l i z e d  design which supports a l l  load a t  one end p l a t e  i s  

subs tan t ia ted  i n  Section 7.2.2.  

This end p l a t e  optimization study was made p r i o r  t o  inclusion 
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If the  Stowed panel is  exci ted a t  launch, a dynamic t r ansmiss ib i l i t y  of 6 t o  

the wrapped panel i s  expected. 

ax ia l  force  can be t ransmit ted between wrapped layers  before sl ippage w i l l  

occur. The f r i c t i o n  r e s t r a i n t  force which can be provided was found t o  be 

small compared t o  expected induced v ibra t ion  loads. Therefore, relative 

motion of t he  panel wraps w i l l  be l imited by a beam r e s t r a i n t  a t  each end of 
the  drum (see Figure 14.) Loads w i l l  be  t ransmit ted t o  the  beams i n  tension 

by the  panel-to-beam a t t ach  tabs .  

t ab ,  

Sample tests were conducted t o  determine what 

Loads are calculated t o  be 10-pounds/attach 

2.5.1.9 Deployed Panel Thermal Study 

A thermal analysis  was conducted t o  determine t h e  e f f e c t s  on s o l a r  c e l l  oper- 

a t ing  temperatures u t i l i z i n g  1 m i l  f i be rg la s s  subs t r a t e  versus 1 m i l  Kapton 

subs t ra te .  

approximating the  extremes i n  percent r ad ia t ion  blockage areas  provided by the  

polyurethane foam s o l a r  c e l l  p ro tec t ion  pads (39.3% and 9.8% areas were 
analyzed). 

The study was conducted f o r  two areas  of t h e  deployed panel 

The r e s u l t s  of t he  study show t h a t  t he  use o f  Kapton subs t r a t e  with no more 

than 40% backside r ad ia t ion  blockage by the  foam pads w i l l  y i e ld  a s o l a r  

c e l l  operating temperature no g rea t e r  than 134.0'F a t  1 A . U . ;  t h i s  corresponds 

t o  a s o l a r  c e l l  power output of 10-watts/square foot a t  1 A . U . ,  t h e  basel ine 

requirement. The s o l a r  c e l l s  would operate  a t  a temperature 8% higher using 

f iberg lass  subs t r a t e ,  r e su l t i ng  i n  a reduction i n  e l e c t r i c a l  power and a 

corresponding reduction i n  watt/pound. 

The mater ia l  thermal r ad ia t ive  proper t ies  used i n  the  s o l a r  cell  wrap config- 

ura t ion  analysis  were: 

a. The s o l a r  absorptance of t he  array f ront  face  i s  c1 

absorbed a t  t h e  cel l  a f t e r  transmission through t h e  cover g l a s s .  

= 0.84. The energy is  
S 

b. Re-emittance on t h e  f r o n t  face  is  from t h e  cover g l a s s  and t h e  emittance 

is  assumed E = 1.0 
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e. Backside r a d i a t i o n  losses occur by r a d i a t i o n  from t h e  Kapton sur face ,  

E = 0.35 (measured), and by t ransmi t ted  energy through t h e  Kapton as 

r ad ia t ed  by t h e  cel l  backface which i s  coated with adhesive (ceffect 

from the  c e l l  surface after transmission is E = 0.34). 

d. Foam sponge E = 0.9.  

Radiative p rope r t i e s  of t h e  Kapton f i l m  were determined by laboratory measure- 

ments r epor t  i n  Section 7 .4 .  

2.5.1.10 Effects of Stowed Panel End-On Solar  Flux With No Thermal Control 

An item given d e t a i l e d  consideration is  an extreme case condition which occurs 

only if t h e  a r r ay  i s  not sun-oriented a t  t h e  time of deployment. 

panel being or ien ted ,  end-on, t o  t h e  s o l a r  f l u x  a t  1 A . U . ,  t h e  opposite end of 
t h e  drum would r a d i a t e  t o  deep space. Results of t h e  study show t h a t  tempera- 

t u re s  a t  t he  cold end of  t h e  drum would not drop below -20°F a f t e r  reaching 

thermal s t a b i l i t y  i n  t h i s  a t t i t u d e  af ter  s i x  hours. 

i n  t h e  stowed panel between extreme ends of t h e  drum would reach 214'F after 

s t a b i l i z a t i o n .  

loads would be introduced i n  t h e  substrate-to-beam a t t a c h  tabs  (due t o  con- 

t r a c t i o n  of t h e  Kapton s u b s t r a t e  r e l a t i v e  t o  t h e  wrap drum) which would be 

about equal i n  magnitude (10 pounds/tab) t o  t h e  loads developed during launch 

s inusoida l  v ib ra t ion .  

t h i s  thermal condition, where t h e  stowed beams a r e  pul led  t i g h t  aga ins t  t he  

r e s t r a i n t  fence, a l a r g e r  increase  i n  motor d r ive  forces  could develop. An 

a n a l y t i c a l  study, presented i n  Section 2.4.1.11, was the re fo re  made t o  show 

t h a t  thermal con t ro l  means can be  employed t o  reduce t h e  temperature d i f f e r -  

ence of  214OF t o  30'F; t he  e f f e c t  on deployment w i l l  thereby be reduced t o  

an acceptable l eve l .  

The stowed 

A temperature d i f fe rence  

Effects of t h i s  temperature d i f f e r e n t i a l  are t h a t  t e n s i l e  

However, should the  panel be requi red  t o  deploy under 

2.5.1.11 Thermal Study of  Stowed Panel With Consideration For Effects of 

Thermal Control 

A preliminary thermal ana lys i s  of a r r ay  ( i n  t h e  undeployed s t a t e )  was completed. 

Mission phases and veh ic l e  o r i en ta t ions  r e s u l t i n g  i n  worst case grad ien ts  were 

considered. 
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I 
The reduction of temperature gradients  within t h e  undeployed array required 

inves t iga t ion ,  

deposited aluminum (VDA) t o  ex terna l  surfaces  and an addi t iona l  wrap of low 

thermal emittance and s o l a r  absorptance (such as  VDA on Kapton film) t o  cover 

the  high emittance s o l a r  c e l l s  normally exposed on the  wrap drum. 

This gradient  can be minimized by appl ica t ion  of vacuum- 

The approach t o  reducing temperature gradients  within the  r e t r ac t ed  a r ray  i s  

t o  i n s u l a t e  t he  s t ruc tu re  from unwanted hea t  f luxes by se lec t ion  of proper 

surface f in i shes  t o  reduce the  absorption of s o l a r  energy and rad ia t ion  of 

thermal energy. 

sur faces ,  and s teady-s ta te  temperatures, i t  would be des i rab le  t o  minimize 

both the  as and E of the  ex terna l  surfaces ,  a t  t h e  same t i m e  maintaining 

a low a / &  r a t i o .  

cooldown 

exposure following shadowing. 

the above cha rac t e r i s t i c s  a r e  cur ren t ly  ava i lab le  "off-the-shelf" i n  sheet  

form. 

s i l i c o n  monoxide over a r e f l e c t i v e  metal layer  (usual ly  vacuum-deposited 

aluminum) on e i t h e r  p l a s t i c  f i l m  o r  f o i l ,  such as 0.0005 inch Kapton. 

the  Si0 layer  i s  t ransparent  t o  s o l a r  rad ia t ion  i n  the  UV and v i s i b l e  region, 

t h e  s o l a r  absorptance i s  l a rge ly  cont ro l led  by the  metal coating while 

the  emittance i s  a function of Si0 thickness.  

In order t o  minimize the  energy re-radiated by the  ex terna l  

This combination o f  surface proper t ies  w i l l  minimize the  

rate and inherent  i n t e r n a l  gradients  during shadowing and s o l a r  

Flexible  thermal control  mater ia ls  with 

The coatings a r e  manufactured by vacuum-depositing a th in  layer  of 

Since 

The s o l a r  panel,  wrap drum and beam supports a re  p a r t i c u l a r l y  subjec t  t o  

large temperature va r i a t ions  because of t he  wide range of surface emittances 

of the  various mater ia l s .  

s i z e  cont r ibu te  a l so  t o  d i f f i c u l t y  i n  maintaining low temperature d i f fe ren-  

t i a l s  between various p a r t s  of the  u n i t .  

Low thermal conductance, l i g h t  weight and large 

The thermal model used f o r  the  preliminary analysis  shown i n  Figure 39 

accounts f o r  11 wraps of s o l a r  c e l l s  with Kapton subs t ra te ,  10 l a t e r a l  

d iv is ions  of t he  magnesium wrap drum, the  torque ba r ,  e l e c t r i c a l  motor and 

s t r u c t u r a l  support ends. There are 37 nodes i n  a l l .  
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When t h e  uncovered s o l a r  a r ray  i s  deployed a f t e r  an extended period i n  shadow, 

severe temperature gradients  may be i n  existence.  

uncoated a r ray  temperature t r ans i en t s  during a 10-hour shadow period ( i n i t i a l  

temperature = 70'F) showed t h a t  t h e  maximum temperature d i f fe rence  between 

inner  and ou te r  wrap is  achieved at 0.8 hour. The outer  wrap was a t  -141'F 

while t h e  inner  wrap was a t  +55'F (see Figure 20). 

the  outer  wrap was -240'F while t he  inner  wrap was -160'F. 

Computer analysis  of  t he  

After 10 hours i n  shadow, 

Cold Soak i n  Shadow, Configuration with Thermal Control Coatings 

Coating t h e  e x t e r i o r  port ions of  t he  s t r u c t u r a l  support systemwith/low 

emittance VDA 

g rea t ly  reduces temperature gradients  during t h e  cold soak. With VDA applied 

t o  an outer  wrap, 10 hours of space exposure without external  heating r e s u l t s  

i n  a maximum gradient  between inner  and outer  layers  of 22'F. 

temperatures and temperature difference a r e  shown on Figure 16. 

and including an addi t iona l  panel wrap with a VDA coating 

The wrap 

Cold Soak Followed by Two Hours of S o l a r  Exposure - With Thermal Control 

Coatings 

Application of vacuum-deposited aluminum t o  the  undeployed s o l a r  a r ray  s igni-  

f i c a n t l y  reduces t h e  r a t e  of heat  t ransfer red  t o  t h e  a r ray  when exposed t o  

t h e  sun following a cold soak. 

a r e l a t i v e l y  high r a t i o  of s o l a r  absorptance t o  thermal emittance ( a  /E .=  0.12/ 

0.03) its s teady-s ta te  temperature i n  sunl ight  is high. 

ear th  f o r  t h i s  coating when backed by insu la t ion .  

however, i s  slow for  objec ts  with considerable thermal mass because o f  t he  low 

a . For t h i s  reason, t h e  t r ans i en t  temperatures of wrap drum supports show 

a r e l a t i v e l y  slow r ise  i n  temperature i n  response t o  s o l a r  heating a f t e r  a 

period of cold soak. 

vacuum deposited aluminum on Kapton shows a rap id  response t o  heating from 

the  sun. 

However, s ince  vacuum-deposited aluminum has 

S 

Tfinal 528'F near  

The t r ans i en t  response, 

S 

Because of i t s  low thermal mass the  outer  layer  of 
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Figure 17 End-On So la r  Exposure After 10-Hour Cold Soak, VDA on Outer Wrap 
and St ruc ture  (Near Earth) 
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Figure 17 shows the  time-temperature response curve of  array components f o r  

end-on s o l a r  heat ing qfter a 10-hour cold soak. 

Proposed Thermal Design 

Long term s o l a r  exposure of the  r e t r ac t ed  a r ray ,  followed by a cold soak due 

t o  spacecraf t  o r  planet  shadowing could r e s u l t  i n  temperature gradients  more 

severe than those considered above f o r  launch conditions.  

The addi t ion of aluminized Kapton with a t h i n  coat  of Si0 o f f e r s  a so lu t ion  

t o  t h i s  problem. 

outer  wrap with E = a 

soak followed by 2 hours of s o l a r  exposure. 

An ana lys i s  was made using values of Si0 coated VDA on the  

= 0.12. Figure 18 shows the r e s u l t s  of a 10-hour cold 
S 

A s  expected, t he  inner  t o  outer  wrap temperature d i f fe rence  has decreased 

during the  cold soak over t h a t  of t h e  uncoated VDA. 

ference during s o l a r  exposure was decreased and the  s teady-s ta te  temperature 

w i l l  be reduced s i g n i f i c a n t l y  (from approximately 580'F f o r  a near Venus 

Solar  Flux). 

The temperature d i f -  

To reduce temperature gradients  within t h e  undeployed ar ray  under conditions 

of s o l a r  exposure and shadow, it is  proposed t o  include an addi t iona l  panel 

wrap. 

ing two layers  of aluminized Kapton separated by foam pads. 

w i l l  have a s u f f i c i e n t  thickness of Si0 overcoat t o  r e s u l t  i n  an a/€ of 

approximately 1 , O .  

The wrap w i l l  cons is t  of t h e  necessary addi t iona l  beam length support- 

The outer  layer  

This design w i l l  r e s u l t  i n  a system which w i l l  minimize thermal gradients  

and shock i n  v i r t u a l l y  any sequence of r e t r a c t i o n  and deployment i n  shadows 

o r  s o l a r  f lux .  
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Aluminum Outer Wrap - Cold Soak Followed by Near-Earth Solar Flux 

2-67 



Mission Analyses 

Four phases of f l i g h t  a r e  s i g n i f i c a n t  from the  point  of view of thermal con- 

t r o l  of the  s o l a r  panel a r rays :  (a) near ea r th  i n  shadow; (b) near ea r th  i n  

s o l a r  f lux ;  (c) c ru ise ,  and (d) near p lane t  des t ina t ion .  

For near ear th ,  c ru i se ,  and f o r  near Mars o r  Venus, t h e  thermal control  design 

w i l l  employ the  same general  concepts. 

thermal i s o l a t i o n  from the  ex terna l  environment with an inherent la rge  time 

constant t o  e l iminate  sharp temperature excursions during various midcourse 

maneuvers, t rans i t ion  from shadow t o  sunl ight  and during r e t r a c t i o n  and 

deployment. 

The system w i l l  r e l y  heavily upon 

The s o l a r  absorp t iv i ty  w i l l  bechosen with due regard t o :  

a. The e f f e c t i v e  s o l a r  absorptance due t o  r a d i o s i t y  e f f e c t s  (multiple i n t e r -  

r e f l ec t ions  of s o l a r  energy). 

b.  The p o s s i b i l i t y  of u l t r a v i o l e t  degradation r e su l t i ng  from prolonged sun 

exposure, and 

c. Micrometeorite penetrat ion,  Van Allen b e l t  rad ia t ion  and increases  i n  

s o l a r  f l a r e  a c t i v i t y .  

The thermal emissivi ty  w i l l  be chosen with due regard t o :  

a ,  The e f f e c t i v e  emittance due t o  r ad ios i ty  e f f e c t s .  

b. Space and/or ground hold de t e r io ra t ion ,  and 

c. Desired lower temperature l i m i t  and gradients  during prolonged o r i en ta t ion  

with the  a r ray  shadowed by t h e  spacecraf t  umbra. 
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2.5.1.12 Thermal S t r e s s  Considerations 

Thermal stress ca l cu la t ions  a r e  made t o  e s t a b l i s h  the  c h a r a c t e r i s t i c s  of t h e  

a r ray  and t o  confirm t h e  opera t iona l  s u i t a b i l i t y  when subjected t o  the  

extremes of thermal environments. The two c r i t i c a l  thermal conditions consid- 

ered are: 

a. Cold Soak, (stowed configuration).  S t a r t i n g  a t  102'F ambient and cooling 

i n  p lane t  shadow f o r  10 hours. 

b. Venus Flyby, [deployed conf igura t ion) .  S t a r t i n g  a t  70°F ambient, heated 

t o  a temperature of 231°F. 

The thermal S t r e s s  ca l cu la t ions  are made considering t h a t  a l l  s t r u c t u r a l  e l e -  

ments are f r e e  of  thermal stress a t  t he  ambient (70'F) temperature, and a l l  

thermal growths a r e  r e l a t e d  t o  condition a o r  b. 

t h e  panel i n  both t h e  stowed and deployed conditions a t  the  s ta r t  of deploy- 

ment o r  r e t r a c t i o n .  

with and without an ou te r  thermal cont ro l  wrap around t h e  drum and s u b s t r a t e  

i n  the  stowed condition. 

Considerations a r e  given t o  

Further consideration was given t o  configurations both 

No problems were encountered with the  deployment o r  r e t r a c t i o n  of t h e  SO-square 

foot  r o l l u p  panel a f t e r  thermal hea t  soak i n  e i t h e r  t h e  r e t r a c t e d  o r  deployed 

soaking condition, which simulated near e a r t h  o r  near Venus conditions.  Dur- 

ing cold soak, thermal loads were developed, between t h e  deployment beams and 

guides which r e su l t ed  i n  an increase  i n  f r i c t i o n  and deployment r e t r a c t i o n  

forces which i n  tu rn  required higher output torque i n  t h e  d r ive  motor. 

higher d r ive  forces ind ica ted  t h e  need f o r  more e f f e c t i v e  thermal cont ro l  

means f o r  t h e  stowed panel.  

These 

The ca l cu la t ions  and d a t a  i n  t h i s  s ec t ion  subs t an t i a t e  t h e  thermal cont ro ls  

which are proposed t o  reduce the  thermal loadings and t o  assure proper deploy- 

ment and r e t r a c t i o n .  
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Consideration i s  given t o  t h e  use of aluminum f o r  t he  t i p  i n t e r c o s t a l  ins tead  

of titanium. 
f o r  thermal considerations show t h a t  it is  b e t t e r  t o  have t h e  thermal expan- 

s ion  of t he  i n t e r c o s t a l  compatible with t h e  drum. 

i n t e r c o s t a l  are shown i n  Table 4. 

from Figure 19 and Figure 20 f o r  t = 9.Shours which was the  most c r i t i ca l  
condition. 

Or ig ina l ly  i n  Phase I t i tanium was se lec ted ,  but ca lcu la t ions  

Calculations f o r  t h e  t i p  

Temperatures used i n  t h i s  t a b l e  were taken 

Table 4 i nd ica t e s  t h a t  a very high end force i n  t h e  i n t e r c o s t a l  could develop, 

i f  it were not f o r  t h e  f a c t  t h a t  t h e  beams give i n  the  guides thereby r e l i ev ing  

most of t h e  i n t e r c o s t a l  load. Based on thermal expansion of t he  i n t e r c o s t a l ,  

Figure 2 1  shows t h a t  s i d e  loads (P) are induced i n  the  beams as a function of 

beam de f l ec t ion .  

s ince  the re  are two s i d e  beams. 

aluminum i n t e r c o s t a l ,  and a thermal wrap on t h e  drum, as ind ica ted  by t h e  beam 

s i d e  forces  (P). 

The beam de f l ec t ion  i s  one h a l f  of t h e  i n t e r c o s t a l  growth 

Table 4 i nd ica t e s  t he  d e s i r a b i l i t y  of  an 

The thermal wrap s e l e c t e d  f o r  study was a wrap of two layers  of VDA and Si0 

coated Kapton around the  stowed panel. The e f f e c t  of beam s i d e  load (P) on 

measured motor torques i s  shown i n  Figure 22, 

Further thermal stress s tudieswere  made on the  stowed panel configuration. 

The ou te r  l aye r  of  Kapton ( subs t r a t e )  is t h e  most c r i t i c a l  w i t h  respect t o  t h e  

wrap drum growth. 

Results of stowed panel thermal stress ca l cu la t ions  a r e  shown tabula ted  i n  
Table 5. Temperatures were taken from Figures 19 and 20-  

By comparing t h e  beam loads at t h e  r a d i a l  fence, t he  advantages of t h e  the r -  

mal wrap can be seen. Side load on the beam is  almost t o t a l l y  eliminated by 

using the  thermal wrap. 

The use of t h e  thermal wrap provides an e f f i c i e n t  method of cont ro l l ing  t h e  

thermal grad ien ts  and any induced loads. 

beam attachment loads, reduces beam guide f r i c t i o n  and deployment motor power 

requirements. 

This cont ro l  minimizes t h e  subs t ra te -  
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Figure 19 Temperature Response With Si0 Over Two Layer Vacuum-Deposited 
Aluminum Outer Wrap (Cold Soak Followed by Near-Earth Solar Flux) 
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Figure 22 Rela t ive  Beam Drive Torque Versus Subs t ra te  
Thermal Contraction Force 

2.5.1.13 Deployment/Retraction System Drive Motor Requirements 

The der iva t ion  of  t h e  equation and t h e  determination of t h e  r e t r a c t i o n  motor 

torque is  shown i n  Reference 2 .  The equation for t he  motor torque i s :  

and t h e  ca lcu la ted  torque 

T = 33.3 inch-pounds a t  6.0 RPM 

Preliminary measurements obtained from t h e  f u l l  s ize  deployment model ind ica tes  

t h a t  t h e  torque required t o  retract t h e  s u b s t r a t e  i n  t h e  hor izonta l  mode is  
about SO inch-pounds applied by t h e  drum mounted motor. This torque i s  some- 

what h igher  than predic ted  but  i s  a t t r i b u t e d  t o  t h e  f r i c t i o n  between the  sub- 

strate and support t a b l e .  

a n a l y t i c a l  p red ic t ions .  

Further measurements w i l l  be made t o  veriEy t h e  
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2.5.1.14 Study of Attachment of Panel Subs t ra te  t o  Deployable Side Beams 

Studies  were made t o  determine the  maximum allowable spacing between tabs  

a t taching the  panel subs t r a t e  and deployable beams. 

f o r  loads which might occur under the  following conditions:  

The attachment was s tudied 

a. Deployment i n  a 1-g f i e l d  over r o l l e r  supports.  

b. An a r b i t r a r y  and conservative 0.2-g in-space steady s ta te  maneuver load. 

c. Res t ra in t  required t o  resist a x i a l  load v ibra t ion .  

A tab  spacing of 4 inches on Center was se lec ted .  

less were determined f o r  conditions a and b above and 10 pounds f o r  condi t ionc.  

Tab loading of 1 pound o r  

Analysis ve r i f i ed  t h e  use of 1-inch wide tabs  of 0.002 th ick  s i l i c o n e  coated 

f ibe rg la s s  bonded t o  the  Kapton subs t r a t e  i n  double shear  and t o  the  beam i n  

s-ngle shear .  

which is s t a b i l i z e d  against  d i s t o r t i o n  by the  aluminum e l e c t r i c a l  bus s t r i p .  

The load i s  t ransfer red  by the  tabs  d i r e c t l y  i n t o  the  subs t r a t e  

2.5.2 E l e c t r i c a l  System Studies  and Analyses 

Discussion i n  t h i s  s ec t ion  reviews work performed with respec t  t o  t h e e l e c t r i c a l  

equipments involved i n  t h e  s o l a r  a r ray ,  p r inc ipa l ly ,  considerations per ta ining 

t o  the  s o l a r  c e l l  i n s t a l l a t i o n .  Other inves t iga t ions  of e l e c t r i c a l  components 

were concerned with a design f o r  cont ro l  of t he  deployment-retraction d r ive  

system and an arrangement f o r  accomplishing power t r a n s f e r  through the  wrap 

drum t o  t h e  spacecraf t .  
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2.5.2.1 Solar  Cel l  I n s t a l l a t i o n  Studies  

2.5.2.1.1 C i rcu i t  Layout Analysis 

The physical ,  mechanical, and e l e c t r i c a l  r e s t r a i n t s  which govern the  design of 

a deployable ro l lup  s o l a r  cel l  a r ray  w i l l  be discussed i n  the  following 

paragraphs. 

Area Ut i l i za t ion  

Area u t i l i z a t i o n  i s  defined as t h e  maximum number of s o l a r  cells  t h a t  can be 

bonded t o  a given area  of subs t r a t e .  

s o l a r  c e l l  s ize ,  spacing between c e l l s  , c i r c u i t  termination design, subs t r a t e  

s ize  and optimized c i r c u i t  output power considerat ions.  

Percent u t i l i z a t i o n  is a funct ion of 

Solar  Cell S ize  

Area u t i l i z a t i o n  o r  packing f a c t o r  i s  based on industry standard s i z e s  f o r  

s o l a r  c e l l s  cu r ren t ly  being manufactured. 

s ions a r e  .788 2.005 x ,788 2,005. Where 2 x 6 cm cells have been considered, 

these dimensions would be .788 t.005 x 2.394 2.005. The 2.394 2.005 dimen- 

s ion  f o r  t he  2 x 6 cm c e l l  u t i l i z e s  the  .005 wasted space between 2 x 2 c e l l s  

and increases  the  packing f ac to r  by 9.63 percent .  

For a 2 x 2 cm c e l l  these  dimen- 

Solar  Cel l  Spacing 

Nominal spacing between par i l l l e l  s o l a r  cells i s  0.010 inch. 

achieves a p a r a l l e l  cel l  p i t c h  (dis tance from one cel l  edge t o  the  correspond- 

ing edge of an adjacent c e l l )  of 0.798 inch. Nominal spacing of  series connec- 

t ed  c e l l s  is  0.017 inch. This spacing achieves a cel l  p i t c h  of 0.805 inch. 

Upper s i ze  l i m i t s  on cell  s ize  dimensions were se l ec t ed  t o  avoid the  possi-  

b i l i t y  of  i n t e r f e rence  between c e l l s  and coverglass and t o  allow g rea t e r  

f l e x i b i l i t y  i n  assembly tool ing.  

This spacing 
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Spacing between adjacent  por t ions  of a c i r c u i t  w i l l  be  0.012 inch. 

between complete c i rcui ts  w i l l  be 0,012 inch. 

Spacing 

C i rcu i t  Layout 

The major parameters t o  be considered a t  t h i s  time are subs t r a t e  s ize ,  operat-  

ing vol tage,  and magnetic f i e l d  considerat ions.  

The s u b s t r a t e  laydown dimensipns are 76.70 x 36.21 inches.  

dimension allows 45 2 x 2 c m  cel ls  t o  be  placed i n  series. 
allows 96 2 x 2 c m  ce l l s  i n  p a r a l l e l  p lus  appropriate  i n t e r c i r c u i t  spacing. 

The 36.21-inch 

The 76.70 inches 

Using 2 x 2 cm ce l l s ,  each s u b s t r a t e  w i l l  cons i s t  of 4,320 individual  2 x 2 

cm cel ls  connected i n  series p a r a l l e l  i n  e ight  c i r c u i t s .  Each c i r c u i t  con- 

sists of 3 cells i n  p a r a l l e l  by 180 i n  series (4 subc i r cu i t s  of 45 cel ls  i n  

s e r i e s ) .  

with t h e  completed s o l a r  ce l l  a r ray .  

The even number of c i r c u i t s  minimizes t h e  magnetic f i e l d  associated 

A study of cur ren t  space power conditioning equipment revealed t h a t  t h e  op t i -  

mum operat ing vol tage should be i n  a range of 50 t o  100 v o l t s  f o r  maximum 

power conversion e f f i c i ency .  

2-ohm base r e s i s t i v i t y  s o l a r  c e l l  a t  a temperature o f  55'C w i l l  generate 

approximately 76 v o l t s  a t  t h e  maximum power poin t .  

t he  50 t o  100 v o l t s  considered optimum. 

The aforementioned configurat ion u t i l i z i n g  a 

This vol tage is within 

A second configurat ion cons is t ing  of 90 s o l a r  cells connected i n  series was 

considered. 

output cur ren t  was doubled. The higher  output cur ren t  necess i ta ted  the  

i n s t a l l a t i o n  of s u b s t a n t i a l l y  heavier  wir ing.  

quently r e j ec t ed .  

The vol tage produced by t h i s  configurat ion was 38 v o l t s ,  but  t he  

This configurat ion was conse- 
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2.5.2.1.2 Power Analysis and Trade-offs - 
The following parameters es tab l i shed  t h e  base l ine  for an ana lys i s  of  t h e  la rge  

a rea  ro l lup  s o l a r  c e l l  array.  

a. P O w e r  output 10 watts pe r  square foot  of  t h e  s o l a r  cell  area. 

a rea  cQvered by s o l a r  cells including i n t e r c e l l  spacing. 

This is  the  

b .  I l luminat ion i n t e n s i t y  a t  a i r  mass zero and 1 A.U. equivalent s o l a r  

i q t e n s i t y .  

c .  Operating s o l a r  ce l l  array temperatures assumed t o  be 55OC. 

The general  approach t o  the  power ana lys i s  w i l l  be discussed i n  the  sequence 

i n  which pe r t inen t  s teps  were performed. 

Solar  Cell Analysis 

Typical I - V  curves f o r  2 ohm and 10 ohm centimeter base r e s i s t i v i t y  s o l a r  

c e l l s  i n  various thicknesses were se l ec t ed  from the  r epor t  e n t i t l e d  "Perform- 

ance of  Very Thin S i l i c o n  Solar  Cells",  Reference 6. 

t i o n  was performed t o  e x t r a c t  maximum power vol tage and cur ren t  a t  t h e  speci-  

f i e d  operating temperature (55OC). 

Appropriate extrapola- 

The I - V  curves presented i n  theaforementioned repor t  were f o r  a 2 x 2 centi-  

meter s o l a r  ce l l  with a corner d a r t  contact  configurat ion.  

The maximum power cur ren t  and vol tage were adjusted t o  r e f l e c t  losses  due t o  

coverglass i n s t a l l a t i o n ,  assembly, and mismatch. Based on dimensions d i s -  

cussed i n  an earlier paragraph of t h i s  repor t ,  224 s o l a r  c e l l s  measuring 2 x 2 

cm w i l l  occupy an area of one square foot .  

Three types of  s o l a r  c e l l  configurat ions were considered: 

la rge  b a r  contact ,  and the  corner d a r t  contac t ,  

tage of supplying a s i g n i f i c a n t l y  higher power output f o r  a given gross area 

of  s i l i cone ,  approximately 2.3 percent g r e a t e r  than t h e  ba r  contact configura- 

t i o n  s o l a r  ce l l .  

t he  bar  contact ,  

The la t ter  o f f e r s  t h e  advan- 
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Curves have been developed f o r  power output per unit area versus solar cell 
thickness far both bar contact and corner dart contact cells with silicon base 
resistivities of 2 ohm and 10 ohm centimeters. These curves are presented in 
Figures 23 and 24. 

2.5.2.1.3 Magnetic Moment Determination 

The rollup solar panel has been designed in a manner to render the magnetic 
moment (M) and generated external magnetic field (B) minimum in values. This 
has beep accomplished by alternating the direction of current flow in adjacent 
circuits for which the geometry is equivalent. Following is an analysis per- 
formed to determine the order of magnitude of  the residual magnetic moment and 
external magnetic field. 

Cross Configuration 

For analysis purposes each individual solar cell circuit consisted of 180 
2 x 6 cm N/P solar cells laid out in a configuration as shown below. 

- - -56 series solar cells in each circuit leg--- 

The direction of the electron flow is indicated by the arrows. Eight such cir- 
cuits are connected electrically in parallel with polarity of adjacent circuits 
being geometrically reversed. Parallel connection is accomplished by two strip 
bus bars of .001 inch thickness which are separated by .005-inch thick insula- 
tion. 
connected to a redundant set of panel bus bars of the same cross-section and 

These bus bars run transverse to the direction of the panel and are 
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separa t ion  which run i n  a longi tudina l  d i r e c t i o n .  

c u i t s  a r e  connected i n  t h i s  manner t o  t h e  panel bus ba r s  f o r  a t o t a l  of 104 

c i r c u i t s  f o r  t h e  e n t i r e  panel. 

A t o t a l  of  13 sets of  8 cir- 

Magnetic Moment 

The magnetic moment (M) is  defined by t h e  expression 

3 

X 

where i i s  the  cu r ren t ,  measured i n  amperes, and an i s  t h e  pro jec t ion  of t h e  

c i r c u i t  area i n  a plane f o r  which X 

t h e  t h r e e  u n i t  vec tors  are orthogonal. 

is t h e  normal u n i t  vector,  and f o r  which 
O n  

In t h e  case of  t h e  r o l l - o u t  panel, i t  is  convenient t o  define the  orthogonal 

set  of u n i t  vec tors  as being normal, t ransverse ,  and longi tudina l  t o  t h e  

panel s u b s t r a t e  i n  t h e  extended pos i t i on .  

moment s h a l l  be considered i n  t u r n .  

Each component of t he  magnetic 

Normal Component of Magnetic Moment 

The normal component of t h e  magnetic moment f o r  egch ind iv idua l  c i r c u i t  w i l l  be 

equal t o  t h e  c i r cu i t  cur ren t  of 0,341 ampere times an e f f e c t i v e  a rea  of 
2 2 18 x 90 cm2 = 0.162 m , which equals 5.52 x 

s o l a r  cel l  c i r c u i t s  have reversed d i r e c t i o n  of t h e  e l e c t r i c  cur ren t ,  t he  con- 

t r i b u t i o n s  t o  t h e  normal component of t h e  magnetic moment from a l l  t h e  c i r c u i t s  

on the  panel w i l l  cancel i n  p a i r s .  

moment w i l l  vanish. 

ampmeter . Since adjacent 

Thus, t h e  normal component of magnetic 

Longitudinal Component of Magnetic F ie ld  

As a r e s u l t  of t h e  c o l l e c t i o n  of t h e  cur ren t  from each s e c t i o n  of e igh t  c i r -  

c u i t s  by the  t ransverse  c i r c u i t  bus bars  for d i s t r i b u t i o n  t o  the  longitudinal 

bus ba r s ,  a component of t h e  magnetic moment i n  t h e  longi tudina l  d i r e c t i o n  w i l l  

e x i s t  . 
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3 

A net  e f f ec t ive  current  equal t o  
a loop bounded by t h e  width of t h e  panel, 1.95 meters and the  mean separation 

of t h e  bus bars  which i s  0.0015 inch - 3.75 x lo-’ meters. 

= 1.36 amperes w i l l  t r averse  
2 

The area  of  t h i s  
loop i s  then 7.31 x 10 -’ m2 and t h e  magnetic moment contr ibut ion i s  9.96 x 10- 5 

2 ampmeter . Since the re  are a t o t a l  of 13 such bus b a r  loops, the  t o t a l  value 

of t he  longi tudinal  component of magnetic moment f o r  the  e n t i r e  panel w i l l  be 

1 .3  x amp -m . 2 

Transverse Component of Magnetic Moment 

The panel bus bars extend a d is tance  of 12.15 meters along t h e  length of the  

extended panel.  

the  previous case s o  t h a t  t he  t o t a l  a rea  of t h e  current  loops w i l l  be 4.56 x 
The mean separat ion of these bus bars  w i l l  be the  same as  i n  

m2. The e f f e c t i v e  current  passing through t h i s  loop w i l l  be  one-half of 
t h a t  a t  t h e  termination which i s  

8 x 13 x .341 
‘2 17.70 amperes 

The e f f e c t i v e  t ransverse component of magnetic moment f o r  t h e  panel i s  then 

computed t o  be 8.1 x 2 amp-m . 

Reduction of Magnetic Moment 

The components of magnetic moment i n  t h e  t ransverse and longi tudinal  can only 

be reduced as  a r e s u l t  of reducing the  e f f e c t i v e  thickness between the  bus 

bars .  This may be accomplished only as  a r e s u l t  of reducing the  thickness o f  

the  bus bars  and insu la t ion .  For mechanical stress considerations,  t h i s  does 

not appear t o  be prudent. 

Consideration of Magnetic Field Strength 

I t  has not been s t i p u l a t e d  a t  what pos i t ion  r e l a t i v e  t o  the  panel the  magnetic 

f i e l d  s t rength  was t o  be evaluated, and i f  it were s o  s t ipu la t ed  it would be 

v i r t u a l l y  impossible s t a r t i n g  from bas i c  de f in i t i ons  t o  perform such an evalua- 

t i on  ( i . e . ,  uses of law of Birot and Sevart) .  

though, can be made, which would be of q u a l i t a t i v e  nature:  

Certain general izat ions,  
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. As a r e s u l t  of t h e  reversa l  of current  d i r ec t ion  i n  each of t he  ind i -  

vidual c i r c u i t s  re la t ive t o  i t s  neighboring circuits,  the  component of 

t h e  magnetic f i e l d  normal t o  the  plane of t he  panel w i l l  tend t o  aver- 

age t o  zero at a given poin t  i n  space. 

more accurate  a t  g rea t e r  dis tances  from t h e  panel. 

This approximation w i l l  be 

. The magnetic f i e l d s  r e su l t i ng  from t h e  transverse and longi tudinal  bus 

bars  w i l l  cancel f o r  each p a i r  of pos i t i ve  and negative bus bars  

except i n  regions very c lose  t o  t h e  bus bars  and t h a t  region between . 

t he  two bus bars .  As a r e s u l t  of t he  addi t ive  e f f e c t ,  t he  magnetic 

i n t e n s i t y  w i l l  be of the  extreme values i n  t h e  region between the  

bus bars .  

region, t h i s  f i e l d  should not a f f e c t  t h e  operation of the  s o l a r  panel 

o r  adj  acent equipment. 

Since no ferromagnetic materials w i l l  be placed i n  t h i s  

2.5.2.1.4 Conductor Select ions 

Conductor s e l ec t ion  was governed by three  bas i c  considerations.  

minimum weight, optimum power l o s s  per square foot  of panel a rea ,  and a 
minimum thickness buildup during r e t r ac t ion .  

These were 

The following conductors were evaluated: 

a. Teflon insu la ted  stranded wire 

b.  Teflon insu la ted  ribbon conductors 

ct. Kapton insu la ted  ribbon conductors 

d. Copper f o i l  conductor 

e. Aluminum\Eoil conductor 

f .  Copper c lad  aluminum f o i l  conductor 

The first th ree  items were eliminated due t o  excess weight. 



Copper and aluminum foils were compared. 
a 0.001-inch aluminum foil was 0.163 pounds. 
aluminum will be alleviated by silver plating the aluminum in the areas to be 
soldered. 

The weight saving realized by using 
Problems associated with joining 

A calculated conductor width table for aluminum (.001) is shown in Table 6. 

Copper clad aluminum foil would be an excellent material for this application, 
but it is not available at this time. This foil would consist of a layer of 
aluminum between two layers of copper; layer thickness would be a 20:60:20 
proportion. 
of this material. 

Handling and fabrication would be greatly simplified by the use 

The aforementioned discussion was concerned with longitudinal bus bars which 
transmit power from the thirteen modules to the inboard end of the solar cell 
array. 

The transverse collector strips which carry current from the positive and 
negative circuit terminations to the longitudinal bus will be 0.002-inch thick 
x 0.50-inch wide aluminum. 

Feedthrough from the solar cell circuit terminations will be accomplished 
through the use of 0.002 by 0,100-inch silver-plated copper strips. Two 
strips will be used for each circuit termination to increase redundancy. 

2.5.2.1.5 .. Blocking Diodes 

Paragraph 3.7.1.2 of JPL Document No. 501407 states that the possibility of 
shadowing is to be considered. 
on the spacecraft but would be more total in nature such as complete shadowing 
of the entire spacecraft. 
blocking diodes is not being considered. 
here is whether o r  not the vehicle will enter into such a situation that 
diodes would be needed, since any increase in panel components will only 
lower overall reliability. 

This shadowing was not due to any appendages 

Because of this possibility, the use of circuit- 
The only question which applies 
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TABLE 6 

CONDUCTOR WIDTH SUMMARY 
(1  M i l  Aluminum) 

Power/Weight Loss 

The including of a blocking diode (or redundant diodes) t o  t h e  c i r c u i t s  would 

produce approximately a 1.4% decrease i n  array power output.  

order of 35 watts. 

t h a t  was considered would be about 300 mg., o r  31 gms t o t a l  (62 gms for  
redundant diodes).  

the  order  of 1 / 2  watt per  pound. 

diodes. 

This is  of  t he  

A t yp ica l  weight f o r  a diode employed f o r  t he  c i r c u i t s  

This incurs  a reduction i n  the  power t o  weight r a t i o  of 

This is an obvious drawback t o  t h e  use of 
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Shorting Between Cells 

Shorting has a l s o  been examined. 

o r  from a cel l  t o  t he  subs t r a t e .  

l y s i s  of open c e l l  f a i l u r e s  f o r  t h e  panel has shown t h a t  no more than one 

f a i l u r e  per  module ( c i r c u i t )  would be expected under the  desired t o t a l  panel 

r e l i a b i l i t y  of 0.99975. 

sho r t s  i s  much l e s s  l i k e l y  than opens. 

worst case only one c e l l  sho r t  would occur i n  a module. 

modules had one such shor t  ( v i r t u a l l y  impossible),  t he  power degradation f o r  

the  a r ray  would be l e s s  than 0.5 percent .  

Shorting can occur e i t h e r  between two c e l l s  

Neither occurrence i s  very l i k e l y .  An ana- 

Experience has shown t h a t  t h e  occurrence of c e l l  

Therefore, i n  t he  most conservative 

Assuming t h a t  a l l  

The s p e c i f i c  power lo s s  w i l l  depend upon the  c i r c u i t ' s  operating voltage poin t .  

One shor t  w i l l ,  however, drop the  open c i r c u i t  vol tage of t he  a f fec ted  c i r c u i t  

by 1/180 f o r  2 x 2 cm c e l l  c i r c u i t s .  

s t r i n g ,  which is  i n  p a r a l l e l  with two o ther  2 x 2 s t r i n g s .  

e f f e c t  new I - V  curves are drawn showing t h i s  open c i r c u i t  voltage drop, main- 

ta in ing  the  same shor t  c i r c u i t  cur ren t .  

po in t ,  which i s  usua l ly  located on o r  near  the  f l a t  p a r t  of t he  I - V  curve 

near t h e  maximum power poin t  w i l l  then be negl ig ib le  f o r  t he  first one o r  two 

shor t s .  Further ,  i f  only one module has a sho r t ,  t he  t o t a l  panel open voltage 

drop would be l e s s  than t h a t  of one c e l l .  

c e l l s  were t o  occur, t h e  power degradation would be less than t h a t  l o s t  t o  

diodes,  

than t h a t  caused by diodes i s  much g r e a t e r t h a n  would be indicated by the  

r e l i a b i l i t y  ana lys i s  of - a l l  poss ib le  c e l l  f a i l u r e s  as described i n  the  

sec t ion  on R e l i a b i l i t y .  

The c i r c u i t  would cons is t  of one 2 x 2 

To determine the  

The e f f e c t  on the  operating power 

Hence, even i f  a shor t  between 

The number of random shor t s  needed t o  produce a power lo s s  g rea t e r  

Shorting t o  Subs t ra te  

The las t  s h o r t  p o s s i b i l i t y  considered i s  t h a t  between c e l l  and subs t r a t e .  

view of  t he  nature  of t he  subs t r a t e  material employed, a sho r t  could only 

occur a t  t h e  panel edges. In  such a case,  a contact  could possibly occur 

between the  base of a cel l  and t h e  p o s i t i v e  bus -- assuming a t e a r  i n  the  

in su la t ing  Kapton. This should be e s s e n t i a l l y  se l f -hea l ing  with the  heat  

generated producing a hole  i n  t h e  p o s i t i v e  bus. 

In  

The p o s s i b i l i t y  of such a 

2-89 



f a i l u r e  i n  t h e  Kapton appears t o  be extremely remote i n  view of t he  nature of 

t he  panel deployment. 

Conclusi’ons 

Since t h e  inc lus ion  of diodes w i l l  add another fa i lure  p o s s i b i l i t y ,  i . e . ,  
t h a t  of diode open o r  s h o r t ,  since it w i l l  produce a l o s s  i n  panel power, and 

s ince  shadowing and shor t ing  do not appear t o  be p o t e n t i a l l y  serious power 

lo s s  modes, t h e  use of  diodes i s  not recommended. 

2.4.2.1.6 Radiation Degradation 

The ex ten t  of r a d i a t i o n  degradation t o  s o l a r  cells i s  dependent upon the  

environment of  t he  c e l l .  

s l i d e s ,  a general  environment has been spec i f i ed  which w i l l  attempt t o  repre- 

sent a r e a l i s t i c  s i t u a t i o n  and a t  t h e  Same time f a c i l i t a t e  ca l cu la t ions .  

Hence f o r  purposes of comparison of  various cover- 

For t h i s  r epor t  a 10 ohm-centimeter N/P s o l a r  cel l  i n  a l-year s o l a r  o r b i t  a t  

1 A.U. (Astronomincal Unit) w i l l  be considered. This w i l l  neglect t h e  e f f e c t  

Q f  trapped protons and e l ec t rons  near t h e  e a r t h .  Thus, r ad ia t ion  damage w i l l  

occur through protons emitted by s o l a r  flares and u l t r a v i o l e t  r ad ia t ion .  The 

former r ad ia t ion  pr imar i ly  affects t h e  c e l l  by causing defec ts  i n  t h e  s i l i c o n  

c r y s t a l  l a t t i c e ,  whereas t h e  U.V.  (U l t r av io l e t )  r ad ia t ion  w i l l  primarily 

degrade t h e  covers l ide ,  and covers l ide  adhesives. 

In  vew of t h e  f a c t  t h a t  s o l a r  flares can d i f f e r  widely i n  both i n t e n s i t y  and 

energy d i s t r i b u t i o n  and t h a t  measurements of low energy protons (4 MEV) a r e  

not ava i l ab le  i n  any usable quant i ty ,  a c e r t a i n  amount of  averaging and ex t ra -  

po la t ing  must be made. 

employed, although not necessa r i ly  conforming t o  any ac tua l  r ea l i zed  r ad ia t ion  

environment, do represent  t h e o r e t i c a l l y  p l aus ib l e  conditions based upon t h e  

experimental evidence now ava i lab le .  

I t  should be kept i n  mind t h a t  t h e  numbers thus 
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Figure 25 shows the  s o l a r  c e l l  coverglass s h i e l d  thickness  as a funct ion of 

t he  coverglass thickness  with curves f o r  microsheet (Microsheet S i l ica  

Corning No. 0211), lead potash (8871), and sapphire .  The s h i e l d  thicknesses 

f o r  t h e  3 m i l  microsheet, 6 m i l  microsheet, and the  1 .3  lead potash are 
obtained from these  curves. 

Since present  da t a  on ce l l  p a r t i c l e  degradation is  based on experiments with 

1 MEV e l ec t rons  t h e  proton f lux  must be converted i n t o  an equivalent 1.0 MEV 

e l ec t ron  f lux .  Figure 26 contains t h e  information needed t o  make t h i s  conver- 

s ion .  The lead potash curve i s  labeled 0.015, the  3 m i l  microsheet i s  0.019, 

and t h e  6 m i l  microsheet i s  0.035 ( t h e i r  s h i e l d  thicknesses) .  For the  6 m i l  

microsheet a l l  protons with energies less than 4.4 MEV a re  e s s e n t i a l l y  

absorbed by the  coverglass and do not  a f f e c t  t h e  c e l l .  

sheet  t he  cutoff  i s  a t  3.1 MEV, and f o r  the  lead potash g l a s s  the  cutoff  

energy i s  2.7 MEV. 

ing manner. 

ment. 

For the  3 m i l  micro- 

The dosage received by the c e l l  i s  obtained i n  t h e  follow- 

A f l u x  and energy spectrum i s  assumed f o r  t he  r ad ia t ion  environ- 

With a given exposure per iod t h e  f lux  can then be converted t o  a dosage 

(number of inc ident  p a r t i c l e s  per  area). 

by in t eg ra t ion  (using Figure 26) i n t o  an equivalent f l u x  of 1 MEV e l ec t ron ic s .  

Then Figure 27 i s  used t o  determine c e l l  degradation. 

The proton dosage i s  then converted 

In t h e  case of t he  1 A.U. s o l a r  o r b i t ,  two d i f f e r e n t  f l ux  l eve l s  are consid- 

ered. 

w i l l  p e r t a i n  t o  a highly unl ike ly  high r ad ia t ion  environment (a  worst case) .  

Since f l u x  l eve l s  can vary widely over sho r t  periods of t i m e  (with s o l a r  

f l a r e s ) ,  t h e  dosage f o r  1 year w i l l  be more meaningful s ince  i t  w i l l  essen- 

t i a l l y  average out t he  random f lux  va r i a t ions .  For case 1, a dosage of 8 x 10 

protons/cm2 w i l l  be used, and f o r  case 2 a dosage of  4 x l o l o  protons/cm2 w i l l  

be used. 

where P(cN) means t h e  p robab i l i t y  of no more than N particles/cm2 being "seen" 

during the spec i f i ed  t i m e  i n t e r v a l .  

One w i l l  p e r t a i n  t o  a probably expected environment and t h e  second 

8 

The dosage curves versus time of exposure a re  shown i n  Figure 28, 

Curves 1 and 3 have been used. 

Information on the  energy spectrum t o  be expected is  somewhat ambiguous. 

reason i s  t h a t  t h e  random s o l a r  f l a r e s ,  i n  addi t ion  t o  exhib i t ing  d i f f e ren t  

f l ux  l eve l s ,  a l s o  have d i f f e r e n t  spectrums. Second, s ince  primary f l a r e  

meqsurements have been made on t h e  ea r th ,  protons with energies below 4 MEV 

One 
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cannot be measured due t o  absorption i n  t h e  atmosphere. 

flares and extrapolat ing s p e c t r a l  curves, we can expect t o  f i n d  approximately 

equal numbers of pa r t i c l eg  i n  t h e  region 2.7 t o  4.4 MEV, 4.4 - 30 MEV, and 

30 MEV and g rea t e r .  

bas i s  of  the  l imited da ta  i n  the  low energy regions.  

By averaging many 

These approximations appear t o  be reasonable on t h e  

The r e s u l t s  a r e  summarized i n  t h e  following cha r t s .  

PROTON DOSAGE EQUIVALENT 1 MEV ELECTRON DOSAGE 

1 .3  M i l  Lead Potash 3 M i l  Microsheet 6 M i l  Microsheet 

12 6 x 10l2 5 x lo1* 2 .8  x 10 7 2 8 x 10 P/cm 

3.5 x l o l o  P/cm 1 .4  14 3 2.5 x 10 2 

% DEGRADATION FOR 1 YEAR DOSAGE (Using Figure 27) 

1.3 M i l  

3 M i l  

8 2 8 x 10 P/cm 

1 . 2 %  

1.0% 

2 '  3.5 x l o l o  P/cm 

18% 

17% 

6 M i l  0.6% 13.5% 

This degradation w i l l  represent  the  e f f e c t  then of protons on the  s o l a r  c e l l  

i t se l f .  The u l t r a v i o l e t  r ad ia t ion  w i l l  a l s o  produce some degradation. For 

3 and 6 M i l  microsheet caversl ides  t h i s  w i l l  be of t he  order of 3% f o r  one 

year ,  depending on adhesives, f i l t e r s ,  and coatings used. 

potash no quan t i t a t ive  data  i s  present ly  ava i lab le ,  although browning of t he  

coversl ide has been not iced.  

t he  magnitude of t h e  discolor ing f o r  various exposure times and w i l l  be con- 

s idered when ava i lab le .  

For the  lead 

Measurements a re  now being made t o  determine 
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2.5.2.2 Controls 

Invest igat ions were conducted t o  determine t h e  problems associated with the  

use of DC permanent magnetic motors i n  the  space environment. 

the same problems t h a t  a r e  inherent i n  t h e  s l i p  r ings  a re  inherent i n  the  DC 

motor with t h e  added gear lubr ica t ion  d i f f i c u l t y .  

other  sec t ions  of t h i s  repor t ,  and control  of t he  motors i s  the  subject  of 

t h i s  sec t ion .  

Essent ia l ly  

Both areas  a re  discussed i n  

Deployment/Retraction Control System 

The deployment and r e t r a c t i o n  of t he  a r ray  i s  accomplished through an elec- 

t ron ic  sensing system t h a t  controls  the  deployment and r e t r a c t i o n  motor. 

system is  designed such t h a t ,  when deployment is  commanded, both deployment 

and r e t r a c t i o n  motor a r e  energized. 

ment motor is  the  super ior  force and beam and subs t r a t e  deployment takes place 

but a lagging ac t ion  occurs with t h e  r e t r a c t i o n  motor imposing a drag on the  

system. 

unwinding caused by t h e  s tored  energy i n  the beams. 

This 

By adjustment of current  input the  deploy- 

This has t h e  e f f e c t  o f  a braking ac t ion  on the  drum and r e t a rds  

In t h e  r e t r a c t i o n  mode both motors a re  energized but  t he  deployment motor i n  

t h i s  case i s  control led t o  lag t h e  wrap motor, thus producing a snug wrap. 

The e l ec t ron ic  sensing system constant ly  monitors load and regulates  current  

input t o  t he  motors. 

mechanism. The motors act as locks when current  is  o f f  (see Figure 29). 

This system eliminates t h e  need f o r  a drag brake 

Drive Motors 

The inves t iga t ion  of e lec t ron ic  motors f o r  t h e  dr ive  system consisted of 

s e l ec t ion  and tes t  of  candidate motors i n  a simulated array deployment cycle.  

(Test descr ip t ion  and r e s u l t s  are discussed i n  Section 2.6.1 o f  t h i s  repor t .  

Tests using t h e  cont ro l  system as  conceived on the  simulated test  setup and 

the  f u l l - s c a l e  model indicated t h a t  noise  generated by the motors and unpre- 

d ic tab le  differences i n  t h e  motor and ar ray  mechanical system made current  

sensing and control  impract ical .  An a l t e r n a t e  consideration was a r e l a t i v e l y  
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simple and accurate cont ro l  parameter such as motor torque. 

can be instrumented with strain gauges t o  produce an e l e c t r i c a l  s igna l  propor- 

t i ona l  t o  torque. 

the  two e l e c t r i c a l  s igna l s  i s  proportional t o  the  desired tension. 

closed loop servo system can then maintain t h i s  e l e c t r i c a l  s igna l  ( the ten- 

s ion)  constant regardless  of o ther  disturbances t o  the  system. 

The motor mount 

With both motor mounts instrumented the  d i f fe rence  between 

A simple 

Instead of cont ro l l ing  voltage t o  the  re ta rd ing  motor, however, it has been 

determined t h a t  t h e  drag is  produced much more simply and with grea te r  accuracy 

by r e s i s t i v e l y  loading the  dragging motor. The dragging motor i s  a generator 

and produces a vol tage.  Increasing t h e  load, i . e . ,  decreasing the  res i s tance  

across the  terminals ,  increases  t h e  torque required t o  turn  the  s h a f t  of  t he  

motor and thus the  tension on t h e  wrapping beams. 

Test da t a  taken on the  f u l l - s c a l e  model confirms the  p r a c t i c a l i t y  of control-  

l ing  tension by t h i s  method. 

with proper tension is  p l o t t e d a g a i n s t  d r ive  motor voltage (see schematic below). 

The time required t o  deploy o r  r e t r a c t  the  array 

Resistance (R) Driving DC Voltage (V) 

Schematic - Tensioning System 

m 20 w 

8 16 
I 14 

g 18 

!3 l2 

o z 8  
@ 2  i2 

g 10 

g 6  z 4  
2 4 6 8 1 0 1 2  

DCVOLTAGE (V) DC VOLTAGE (V) 
Deployment and Retraction Times Versus DC Voltage With 

Dragging Motor Res is t ive ly  Loaded 

4 

2 -99 



2 . 5 . 2 . 3  Power Transfer  

Calculations based on s l i p  r ings  used i n  similar appl icat ions and on da ta  

supplied by Ai r f ly t e  Electronics  ind ica t e  t h a t  optimum s l i p  r ing  performance 

a t  extreme vacuum and a t  t h e  low speeds a t  which the  s o l a r  a r ray  s l i p  r ing  

assembly w i l l  operate  when the  r ings  are of co in  s i l v e r  and t h e  brushes a r e  

s i l v e r  impregnated with molybdenum d i s u l f i d e  o r  niobium d i su l f ide .  

f o r  such a s l i p  r ing  assembly are shown below. 
Parameters 

Brush Material Ag Nb s2 
Ag Mo S2 

Ring Material Ag 

Number of Rings 8 

Brushes pe r  Ring 2 

Brush Area 0.017 square inch (200 amp/sq. i n . )  

Current pe r  C i rcu i t  5 amps maximum 

Speed RPM 3 maximum 

Po ten t i a l  Drop 
(Per C i rcu i t  

20 m i l l i v o l t s  

This assembly would be 1.75 inches i n  diameter and 3 . 6  inches long. I t  would 

be mounted by means of 3.00 inch diameter f lange,  and would weigh l e s s  than 

1 pound. 

The contact  r e s i s t ance  quoted is  4 milliohms p e r  c i r c u i t .  

c i r c u i t  allowing 5 amps p e r  c i r c u i t  i s :  

The power lo s s  per  

I = 5 amperes 

R = 0.004 ohms 

2 I R = 100 m i l l i w a t t s  

For the  e ight  c i r c u i t s  the  t o t a l  power loss  is:  

8 x 100 = 800 m i l l i w a t t s  
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2 . 5 . 3  

A r e l i a b i l i t y  evaluat ion of  t he  Solar  Panel Array has been performed. 

general  mathematical model was developed t o  log ica l ly  depict  t h e  re la t ionships  

between the  various system cons t i tuents  and the  d e t a i l  spec i f i ca t ion  

requirements. 

A 

2.5.3.1 R e l i a b i l i t y  Mathematic Model 

The r e l i a b i l i t y  model (Figure 30) shows the  p robab i l i t y  of  success predicted 

f o r  each element and t h e  aggregate. The predic t ion  u t i l i z e s  f a i l u r e  r a t e s  

on p a r t s  and materials where da ta  is ava i lab le  and performance estimates on 

o ther  devices.  R e l i a b i l i t i e s  a r e  ca lcu la ted  f o r  (1) and (10) deployment and 

r e t r a c t i o n  cycles .  K-factors u t i l i z e d  during various phases such as launch, 

t r a n s i t i o n ,  deployment and post  deployment are shown on the  mission p r o f i l e ,  

Figure 31. Figure 32 shows the  f a i l u r e  r a t e s  u t i l i z e d  i n  t h i s  ana lys i s .  

Discussion of Math Model 

The p r inc ipa l  mechanical loads on t h e  Solar  Array occur during the launch 

phase of t he  mission. The near zero g rav i ty  condition during other  mission 

phases e s s e n t i a l l y  e l iminates  a l l  loading except those thermally induced. 

Stress due t o  thermal e f f e c t s  w i l l  be negated during design e f f o r t s  by 

thorough thermal ana lys i s  and adequate control  means. The o ther  loads exper- 

ienced by the  subs t r a t e ,  drum and support s t ruc tu res  occurs during r e t r a c t i o n  

and deployment. 

t o  the launch condi t ions.  

is  f o r  very sho r t  per iods.  

r e l a t e d  t o  t he  use environment and t h e  probabi l i ty  of  success i s  inverse ly  

r e l a t ed  t o  t h e  environment exposure t i m e .  

mission phase for  a l l  system elements (except t h e  s o l a r  c e l l s )  t h a t  i s  most 

detrimental  t o  p robab i l i t y  of success i s  in t e rp l ane t  f l i g h t .  

almost e n t i r e l y  t o  the  extended t i m e  i n  t r a n s i t  and is t r u e  even though tEie 

i n - t r a n s i t  f a i l u r e  r a t e  is  smaller than operat ional  f a i l u r e  r a t e s  by 3 orders 

of magnitude. 

The deployment and r e t r a c t i o n  loads a r e  minor when compared 

Exposure time t o  the  environment, i n  e i t h e r  case,  

The f a i l u r e  r a t e s  of a l l  devices are d i r e c t l y  

Therefore, t he  port ion of t he  

This is  due 
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POWER BUSS 
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Figure 30 Mathematical Model 

ESTIMATED MISSION EQUIVALENT TIME - SUB SOLAR ARRAY 

Array  Deployment 

Total Mission Equivalent Time (MET) 13.230 

Figure 31 

Sub system 

Drum & Support Structures 
Motor & Controls 
Array Structure 
Solar Cell and Power Buss 
Complete System 

Mission Profile 

FR/106 h r s  

200.00 
78.96" 
70.00 

355.96* 
7. oo** 

Mission Equiva- 
lent Time (MET) 

13.23  h r  
13.23 h r  
13.23  h r  
13.23  h r  
13.23 h r  

Reliability 

0.99735 
0.99962 
0.99907 
0.99990 
0.99628 

* Motor redundancy has  the effect of reducing the Motor and Control 
effective failure ra te  to 3. 96/106 h r s  for  deployment and 28. 96/106 
hours for retraction. 

**See Solar cell section for  discussion of multiple redundancy that pro- 
vides high reliability which was converted to the failure ra te  shown. 

Figure 32 Subsystem Failure Rates and Reliabilities 
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2.5.3.2 Mission P r o f i l e  

Figure 31 depic t s  a probable mission p r o f i l e  f o r  t he  Solar  Panel Array System. 

Each of t h e  mission p r o f i l e  elements i s  time phased and corrected by a 
K-factor which i s  ind ica t ive  of t he  s t r e s s  an t ic ipa ted  during t h a t  mission 

phase. 

programs such as the  Apollo. 

s t r e s s e s  encountered i n  a mission, has e f f e c t s  i d e n t i c a l  t o  f a i l u r e  r a t e  

factor ing but  reduces t h e  ove ra l l  computational requirements. 

(gravi ty/accelerat ion f r ee )  condition during most o f  t h e  mission plus  the  

freedom from degrading atmospheric e f f e c t s  such as corrosion, drag, e t c . ,  pro- 
vide an idea l ized  environment during a l a rge  por t ion  o f  t he  t o t a l  mission. 

2.5.3.3 So la r  Array S t ruc ture  

The K-factors are pat terned from similar f ac to r s  used on o ther  space 

Such time fac tor ing ,  t o  represent various 

The no load 

The se l ec t ed  s t r u c t u r a l  design which fea tures  an unloaded panel subs t r a t e  f o r  

t h e  Rollup So la r  Array has been analyzed t o  e s t a b l i s h  conformance with the 

r e l i a b i l i t y  goal of 0.999 probabi l i ty  t h a t  t he  a r ray  s t ruc tu re  w i l l  success- 

f u l l y  function when subjected t o  the  spec i f i ca t ion  requirements. I t  is  con- 

cluded t h a t  t he  design w i l l  meet o r  exceed the  r e l i a b i l i t y  objec t ives .  This 

conclusion while not based on the  conventional s t a t i s t i c a l  p red ic t ion  method 

i s  considered reasonable and va l id  based on the  following considerat ions.  

A l l  mater ia ls  and methods used i n  t h e  design and manufacture of the  array 

s t r u c t u r e  are current  s t a t e -o f - the -a r t ,  

with the  intended space environment and have been successfu l ly  used on pre- 

vious deep space missions. 

The mater ia l s  s e l ec t ed  a re  compatible 

Testing accomplished by Ryan on a similar s t r u c t u r e  (a 50-square foot ro l lup  

s o l a r  array) has developed confidence t h a t  t he  r e l i a b i l i t y  object ives  f o r  

t h e  250-square foot solar a r ray  can be achieved. The 50-square foot a r ray  

has been deployed and r e t r a c t e d  a t  room ambient temperatures approximately 

one hundred times without a cr i t ical  s t r u c t u r a l  f a i l u r e  occuring. 

s i b l e  t i tanium beam, very similar t o  the  beam design t o  be used on t h e  250- 

square foot a r ray ,  was deployed from a drum and r e t r a c t e d  2,000 times without 

a f a i l u r e  of ca tas t rophic  nature .  

bu t  did not  de t r ac t  from functional capabi l i ty .  

A collap- 

Some loca l  buckling and cracks were evident 

This s imi le  i s  considered t o  
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be subjec t  design, even though conducted a t  room ambient temperatures and sea  

leve l  pressures ,  as t i tanium is  unaffected by space environment except fo r  

temperature ( i n  t h i s  case, -150" t o  +300°F), a range t h a t  would have negl ig ib le  

e f f e c t  on the  proper t ies  of t i tanium. Extensive t e s t s  have a l so  been conducted 

on the  tab mater ia l s  t o  be used t o  a t t ach  the  subs t r a t e  panels t o  t h e  extend- 

ab le  beams. The tests demonstrated the  f e a s i b i l i t y  of t h e  attachment design 

and provided some s ta t i s t ica l  evidence of  t he  s u i t a b i l i t y  o f  the  material. 

Low temperature thermal vacuum tests o f  t h e  50-square foot  a r ray  revealed a 

problem with thermal grad ien ts  Between t h e  subs t r a t e  wrap and the  support 

s t r u c t u r e .  The 1.0ads induced i n  t h i s  environment r e su l t ed  i n  a f a i l u r e  of  

t he  substrate-to-beam attachment and buckling of t he  beams .at the  drum i n t e r -  

face  during low temperature deployment. 

t he  current  design by providing f l e x i b l e  t ab  attachments between the  subs t r a t e  

and beams, by thermal control  surfaces  f o r  both the  s u b s t r a t e  ou ter  wrap and 

f o r  a l l  exposed surface of t he  support s t r u c t u r e  thus minimizing the  thermal 

gradient:; and by providing an extension d r ive  system t h a t  precludes the  possi-  

b i l i t y  of buckling t h e  beams. 

current  design and lends confidence i n  achieving the s t r u c t u r a l  ob jec t ive .  

This problem has been eliminated on 

The experience gained provides in s igh t  f o r  t he  

Ful l  s i z e  drum-substrate s inusoida l  v ibra t ion  t e s t s  conducted during t h e  

Phase I a c t i v i t i e s  cor re la ted  t h e  ana ly t i ca l  p red ic t ions  and were accomplished 

without f a i l u r e  of t h e  drum and r e l a t e d  s t r u c t u r a l  items. 

Rollup Drum and Support S t ruc tures  

The mechanical r e l i a b i l i t y  aspects  of t he  drum s t r u c t u r e  were carefu l ly  

analysed during drum design e f f o r t s  and sa fe ty  margins exceeding spec i f i ca t ion  

requirements were employed. This e f f o r t  plus  the  s u i t a b i l i t y  of t h e  mater ia l s  

employed f o r  t h e  intended environment w i l l  provide t h e  l eve l  of r e l i a b i l i t y  

required t o  successfu l ly  complete the  mission requirements. 

da ta  w i l l  be u t i l i z e d  t o  provide assurance t h a t  the  design w i l l  achieve 

r e l i a b i l i t y  objec t ives .  

Evaluation t e s t  
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The reliabilities shown for structures were derived empirically but are justi- 

fied by adequate safety margins employed throughout the design. The relability 
potential of such structures is almost completely dependent on the thoroughness 
of stress analyses during design efforts, supported by verification testing. 
Millions of failure free hours on air frames and space structures evidenced 
the high reliability attainable by proper attention to design. 

Reliability analyses of the data generated during evaluation tests of the 
250-square foot array will be performed and the results reported. 

These analyses will provide qualitative support of the array structure relia- 
bility and by diligent use of K-factors to identify fatigue phenomena, quanti- 
fication of reliability parameters is possible. 

Drive Motors and Cantrols 

During deployment two motors are employed to extend the panel and a failure 
of either of the deployment drive motors o r  a failure of the retraction motor 
will not prevent successful deployment. During retraction one of the deploy- 
ment drive motors is required to provide braking action. 
retraction drive motor is also required. 
redundancy is not available. 
not available, provisions are made through use of a slip clutch and free 
wheeling feature in the retract drive system so that under emergency conditions 
the extensicm motors can retract the panel by rotation of the drum through 
friction at the drive sprocket interface. 
motors during a deployment o r  retraction are approximately 0.115 hours. 
relatively short operational requirement in conjunction with the partial motor 
.redundancy assures a high probability of success for one o r  several deployment 
and retraction cycles. 
power, while the opposing motor serves as a brake. 
continuous smooth retraction o r  deployment. Electronics sensing and compensa- 
tion circuity is required for this feature. The parts utilized to provide 
this feature, like all other electronic o r  electromechanical parts used in 
this system, were selected for long term space use and are in conformance with 
current high reliability specifications. 

Operation of the 
Thus, during retraction complete 

It is noted that while complete redundancy is 

The operational periods of the 
This 

One drive motor supplies deployment or  retraction 
This feature provides 

A list of the electronic and 
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electromechanical parts and their failure rates used in the 250-square foot 
array system are provided in Table 7 .  

2.5.3.4 Deployment Reliability 

A successful deployment requires proper performance of all system elements 
except the solar cells and power bus subsystem. 
deployment motors provides such high levels of reliability that their effect 
on successful deployment is for practical consideration eliminated. 
retraction provides braking torque to the roll drum during deployment but can 
be overcome by the deployment motor if the retracting motor should fail. The 
probability of one successful deployment, considers only the equivalent 

Utilization of redundant 

The 

mission time required to complete a deployment. 

Rd = 1 - (R1 fr + R2 fr + R3 fr) x (MET of 0.115 hour) = 0.999965 

The probability of success is the total probability of the motor and,control 
circuitry completing one entire mission. 

2.5.3.5 Retraction Reliability 

Successful retraction requires proper performance of the retraction motor and 
one of the redundant deployment motors plus the other elements described above 
for deployment. The probability of success for one retraction, Rr, is: 

R = 1 - (R1 Fr + R2 (Mod) + R3 fr) x MET of 0.115 = 0.999961 r 

2.5.3.6 Deployed Array Reliability 

The after-deployment reliability is dependent on successful performance of the 
solar cells and power distribution system, and the array support structure. 
These elements are shown as blocks R3 and R4 on the reliability model. The 
after-deployment reliability does not consider the launch, deployment or tran- 
sit hazards. The reliability for a two year period is therefore: 
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= 1 - (R3 f r  + R4 fr) x (8-hour mission equivalent time (MET) R~~ 
= 0.99938 

(For reliabilities greater than 0.99 R e-Xt is R = 1 - At). 

(fr = failure rate in failure per lo6 hours). 

2.5.3.7 Launch Reliability 

The launch phase of the mission exposes all system elements to relatively high 
vibratory stresses. The roll drum and support structures absorb the majority 
of the launch stresses and are the most likely element to receive damage dur- 
ing this mission phase. 
vided by resilent foam discs between roll layers. 
stowed condition absorb little if any stress. 
selected to provide a degradation factor which is representative of the launch 
environment. 

Solar cell damage is unlikely due to the damping pro- 
The flexible beams in the 

The launch phase K-factor was 

The launch probability of success was determined by considering each system 
element's probability of failure only during the time launch stress is imposed. 

The probability of successfully completing the launch phase of the mission is: 

RL = 1 - (R1 fr + R2 fr + R3 + R4 fr) x (MET) of 0.5 hour = 0.99984 

2.5.3.8 Total Mission Probability of Success 

The success of a complete nission requires successful performance of all sub- 
systems for the entire mission. Mission probability of success was calculated 
for a complete mission consisting of launch, transit time, one deployment, and 
two years operation. 
plete mission with 10 deployment and retraction cycles. 

Mission probability of success is also shown for a com- 

Rt for one deployment = 1 - (R1 fr + R2 fr + R3 fr + R4) 

x (MET of 13.23 hours) = 0.99628 
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Rt for ten deployments = 1 - (R1 fr + R3 fr + R4 fr) 

x (MET) of 13.23 hours) 

x (lox deployment and retraction probability of 
success) = 0.995. 

2.5.3.9 Solar Cell Reliability AnaJysis 

Reported herein are the results of the reliability analysis performed on the 
proposed design of a solar cell power supply for a rollup array. 

Included is a failure effect analysis and reliability model with appropriate 
calculations of system reliability and maximum anticipated power degradation. 

The panel configuration consists of 13 subpanels. Each subpanel contains 
eight circuits (modules). 
three in parallel by 180 in series. 

The circuits consist of 540 2 x 2 cm solar cells, 
A1$ wiring and connections will be 

redundant. 
calculations. 

An array lifetime of two years will be used for reliability 

2.5.3,lO Solar Cell Failure Analysis 

Failures Resulting in Complete Loss of Solar Cell Power 

Short Circuit Failures 

A short circuit of a solar cell results when a conducting path exists between 
the upper and lower surface of a cell, The most probable cause for this type 
of failure is a contact between the lower surface of the cell and the lead 
from the submodule bus bar which is connected to the top surface of the same 
cell. This will result in a short circuit of the affected cell. 
be a slight variation in the operating voltage in that string resulting in a 
correspondingly small power degradation. 
degradation will be of the order of one-half percent for the affected string 
when operating at no failure maximum power voltage. 
degradqtion will depend on the panel's operating voltage; however, typically 

There will 

For a single short this power 

The total panel power 
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a total power degradation of the order of 1/10 percent per failure will result 
for the entire panel. 
tions substantially eliminates the possibility of occurrence of such a failure. 
The probability of occurrence of  this failure is therefore assumed to be zero. 

Quality control inspection of the intercell connec- 

A second 
tive bus 
proposed 
prohibit 
bus bars 

source of shorting is caused when the negative bus contacts the posi- 
causing complete loss of power for the whole panel. 
will use Kapton H film insulator between both busses thick enough to 
any possible arcing. 
and insulation will eliminate any human induced failures introduced 

The design as 

Quality control inspection of the assembly with 

during fabrication. 
zero. 

The probability of such a failure occurring will also be 

For a 2 x 2 cm cell with the Solaflex(R) connections there are three solder 
points on the lower surface and four on the upper surface which gives a prob- 
ability of open failures of the order of 

upper surface, respectively. 

and for the lower and 

An open circuit cell failure may result from the fracture of a cell. 
probability is extremely small for such a failure not being detected during 
preliminary inspections o r  occurring during normal operating conditions. An 
open circuit failure caused by the separation of the electrode grid from the 
upper surface of a cell may result from thermal cycling of the cell and/or 
vibration of the cell. 
normal operation are considered, the probability of an open circuit failure 
of an individual solar cell is no greater than 3 . 2  x lo-’ per 1,000 hours. 

The 

If all possibilities of open circuit failure for 

Investigations of cell fracturing have shown that due to the use of extended 
Solaflex(R) solder tabs, open failures will result in only a very small part 
of all cell failures. 

Cell Failure Probabilities 

For the 2 x 2 cm cell configuration the probability of llnll failures, out of 

a total of N cells, can be written as 
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P" (1 - P)N-n - N-n n - (n-N) In! pN 

where P is the probability of failure for one cell during a two year period. 
For the 2 x 2 cm cell P equals 7.7 x lo-'. 
"n" 2 x 2 cm cells in the pr~posed panel (56,1601 will be 

Thus, the probability of losing 

56160 -n Pn (1-P) - 56160! n c '56160 (56260 -n) !n! 

The values of np for n = 0, 1, 2,  3, 4, 5, 6, are 
56160 

n - 0  0.007259 

n e 1  0.035754 

n = 2  0.088056 

n = 3  0.144575 

n = 4  0.178022 

n = S  0.175365 

The sum of the n 
than K of the N cells will fracture. 
no more than K failures, or RK. 

from n = 0 to n = K will be the probability that no more 
This can be called the reliability of 

PN 

K 

RK = z nPN 
(n = 0) 

Sixteen (16) cell failures will be given an RK of 0.999918, i.e., there is a 
probability of 0.99918 that during a two year mission no more than 16 cells 
will fracture. 
ing wiring, insulations, etc.) a total reliability of 0.99975 can be achieved. 
This calculation will be shown later. 

PmplQying this figure in the total panel reliability (includ- 

The 16 cell failures will distribute themselves among the 13 subpanels. 
probability of n failures within a single module will be np 

The 

4320 
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Values f o r  n = 1, 2, 3, and 4 are: 

n = 1 0.259 

n = 2 0.049 

n = 3 0.006 

n = 4 0.00004 

This i nd ica t e s  t h a t  t he  p robab i l i t y  of t h ree  cells f a i l i n g  i n  the  same sub- 

panel w i l l  be approximately 1/40 the  p robab i l i t y  t h a t  one w i l l  f a i l .  Since 

only 16 f a i l u r e s  are considered t h i s  would imply t h a t  i n  the  worst case the  

f a i l u r e s  w i l l  d i s t r i b u t e  themselves such t h a t  t en  subpanels have one cell  

f a i l u r e  each and th ree  subpanels have two cel l  f a i l u r e s  each. 

nP540 
with 540 c e l l s )  can be found. 

By examining 

the  d i s t r i b u t i o n  of  f a i l u r e s  among t h e  e ight  c i r c u i t s  (modules) (each 

We ge t  f o r  n = 1, 2, 3 

n = 1 0.045 

n = 2 0.001 

n = 3 0.00002 

Thus, t he  p robab i l i t y  of two f a i l u r e s  occurring i n  one c i r c u i t  i s  1/45 the  

p robab i l i t y  t h a t  one f a i l u r e  w i l l  occur. 

w i l l  have a t  most two fai lures ,  t h e  most probably d i s t r i b u t i o n  along the  

c i r c u i t s  would be f o r  two c i r c u i t s  t o  have one f a i l u r e  each, and s i x  c i r c u i t s  

t o  have no f a i l u r e s .  

Since i n  the  worst case,  a subpanel 

For the  2 x 2 cm cells  then, a t o t a l  panel p robab i l i t y  of 0.99975 can be 

achieved with 16 f a i l u r e s  d i s t r i b u t i n g  themselves i n  t h e  worst case among the  

13 subpanels, each with e igh t  c i r c u i t s ,  as described above. 

represent  a power lo s s  f o r  t h e  panel of approximately 0.05 percent,  based on 

cell  f r a c t u r e  power losses .  

This would 
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2.5.3.11 Wiring Reliability and Failure Analysis 

R 1 , '  

Total Panel Reliability 

R2 R 3 R4 ' R5 R6 

The total panel reliability, R, will depend upon the total reliability of the 
solar cells, Rx, and the panel wiring reliability, R1. 

R7 - 

R = R  X [ l - ~ l - R ~ ~  

Panel Wiring Reliability 

The panel wiring reliability will depend on the positive longitudinal bus 
reliability, R 
reliability, R4, the positive longitudinal bus to transverse bus solder 
connection reliability, R 
solder connection, R6, and the subpanel wiring reliability, R7, 

the inter bus insulation, R3, the negative longitudinal bus 2' 

the negative longitudinal bus to transverse bus 5' 

Subpane 1 Wiring Re 1 i ab i 1 i ty 

depends on the positive transverse bus The subpanel wiring reliability, R7 , 
reliability, R8, the negative trwsverse bus reliability, R9, the positive 
circuit to transverse bus connection reliability, RlO, the negative circuit 
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to transverse bus connection reliability, R 

3' interbus insulator, R 
and the reliability of the 11' 

R8 A R3 R9 R 1 O  . R1l 

R10 (and R 
connection reliability, R 

) will depend on the circuit bus bar to transverse subpanel solder 11 
14' (RIS)* 

Component Failures/Hour 

R 

R1 
1.0 x 10-l1 R2 
1.0 x 10-l1 R3 

R4 1.0 x 10-l1 

1.0 x 10-l1 RS 

Reliability for Two Years 

0,999 

0.999 999 

0.999 999 8 

0.999 999 8 

0,999 999 8 

0.999 999 8 
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R6 

R7 

R8 

R9. 

R1O 

R1 1 

R1 3 

'1 4 

%5 

Component Failure/Hour Reliability for Two Years 

1.0 x 10-l1 

No failures have 
to present time 

No failures have 
to present time 

1.0 x 10-l1 

No failures have 
to present time 

No failures have 
to present time 

occurred 

0.999 999 8 

0.999 999 8 

1.0 

occurred 1.0 

0.999 999 999 999 

0.999 999 999 999 

0.999 999 8 

occurred 1 .o 

occurred 1.0 

2.5.4 Weight Study 

The weight of the array includes all items required up to the arraylspacecraft 
interface. 

The weight studies made continuing use of data derived from the 50-square foot 
rollout panel program. 

A continuing weight monitor was maintained throughout the program (see Figure 
33) .  

gressively more exact definition of components during the detail design phase. 
A major factor influencing the dip in the monitor curve at approximately the 
85% point in the trade study phase, was the requirement 
in the spacecraft mounts, This requirement became evident from data derived 
during vibration testing of the 50-square foot rollout panel. 
downward slope between the second quarter and third quarter was the result of 
full development of details and the appraisal of weight attributed to the 
details. 

The monitor reflects the effects of various trade studies and the pro- 

for increased rigidity 

The general 

The downward trend between the third quarter and completion of the 
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task was due to provisions for thermal effects. 
ing weight during this period were the incorporation of a thermal coated 
blanket on the outer substrate wrap and a slip fitting in the mounting bracket 
to accommodate thermal growth. 

The major provisions affect- 

The weight monitor chart also shows the weight allocated to the electrical 
installation during various periods of the program. 
original assumption of 0.09 pound/square foot was carried from the inception 
of this program to the end of the third quarter. 
value of 0.178 pound/square foot, based on studies and actual weight developed 
by Ryan and Spectrolab, was used in the weight analysis. 
from JPL establishes the weight of 2 x 2 cm cells at 0.17 grams and 3 mil 
cover slips at 0.065 grams. Based on these values the electrical installation 
weight is reduced from 0.173 pound/square foot to 0.165 pound/square foot. 

It is noted that the 

During the last quarter a 

Recent information 

The watts/pound capability of the array is calculated based on nominal drawing 
tolerances and sheet thicknesses, using the baseline 10 watts/square foot cell 
power output. 

(10) (Solar Cell Area) 
Weight Watts/pound = 

where; 
Solar Cell Area = 250.72 square feet 

Nominal Array Weight = 80.451 pounds 

(lo) (250*72) = 51-16 
80.451 Watts/Pound = 

Detail weight data is incorporated in Section 7.3 of the Appendix. 

2.6 DESIGN DEVELOPMENT TESTS 

The following tests were conducted to determine the effects of the more cri- 
tical design environments on those components which contribute significantly 
to the efficiency of the total array. The results were used for deriving 
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loads f o r  d e t a i l  s t r e s s  ana lys i s ,  optimization of t he  proposed design and com- 

parison with assumptions made i n  the  ea r ly  phases of t h e  program. 

2.6.1 Drive Motor System T e s t  

Tests were conducted t o  determine t h e  f e a s i b i l i t y  of providing tension i n  the  

deployable beams, between t h e  beam dr ive  pinion and t h e  drum, by d i f f e r e n t i a l l y  

varying the  output of t h e  deploy and retract motors. 

one 27 vdc r a t ed  a t  100-inch-pounds torque and the  o ther  24 vdc r a t ed  a t  262 

inch-ounces were used. 

motors a r e  shown i n  Figure 34 and 35. 

motor control  parameters. 

Two d i f f e r e n t  motors, 

The measured torque-speed cha rac t e r i s t i c s  of these 

This t e s t  da ta  was used t o  determine 

Tests were then performed t o  demonstrate t h a t  t h e  above mentioned tension 

could be obtained by varying t h e  load between the  dr iving motor and the  drag 

motor (see Figure 36). 

the  same d i r ec t ion  and the  vol tage t o  each was cont ro l led .  

interconnected mechanically by a cable attached t o  a sheave a t  each motor 

output s h a f t .  

t h a t  a maximum of t en  pounds can be applied t o  the  t e e t h  of the  corrugated 

dr ive  s t r i p  on t h e  beams, therefore ,  t h e  t e s t s  were run a t  tensions .between 

two and ten  pounds. Test da ta  shows t h a t  by cont ro l l ing  the  vol tage t o  the  

dragging motor a constant tension can be maintained i n  t h e  cable between the  

motors. 

The two motors were connected s o  t h a t  they ro ta ted  i n  

The motors were 

Cable tension was measured by a load cell .  Analysis has shown 

2.6.2 Dynamic Charac te r i s t ics  Test  of Wrapped Panel Layer Separation Medium 

A s t r u c t u r a l  damping c h a r a c t e r i s t i c  tes t  (reported i n  Reference 2) of a small 

sec t ion  of panel with polyurethane foam pads on the  back and wired s o l a r  c e l l s  

on t h e  opposite s i d e  was conducted. The purpose of t h i s  t e s t  was t o  determine 

the  amount of s inusoidal  dynamic energy which can be t ransmit ted through a 

representa t ive  pad configuration a t  resonance. 

The specimen was draped over and attached t o  a r i g i d  f i x t u r e ,  simulating the  

wrapped panel on the  stowage drum i n  a l g  f i e l d  without pretension (see 

Figure 37). Dynamic t r a n s m i s s i b i l i t i e s  were obtained a t  various resonant 



TORQUE (IN-LB) 

3 

Figure 34 Speed Versus Torque, A t  Various Input Voltages, 100 Inch-Pound Motor 
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frequencies for different levels of sinusoidal excitation up to 3g (0-Pk). 
Results show a transmissibility of approximately 4 to 1 at the stowed panel 
design frequency, rather than 10 to 1 used in early analysis for foam pad 
configuration design. 

Figure 37 Damping Pad Test Setup 

2 . 6 . 3  Sinusoidal Vibration Test of Stowed Panel Excited Normal to Wrap Drum 
Axis 

To optimize and verify the design it was considered necessary to substantiate 
assumptions and obtain data in the following important areas: 

. Suitability of 1 mil Kapton. 

. The response acceleration of  the large stowed panel mass. 

. Substantiation of the design assumption that the load distribution 
on the wrap drum would be characteristic of a pin ended beam vibrating 
at critical resonance (see illustration on following page). 
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WRAP DRUM SUPPORTED AT END BEARINGS 

. Verification that the deflection of the drum, under vibration would 
not exceed the 1/4 inch deflection established as a Ryan requirement. 

. Determination of the dynamic transmissibility through the drum and 
end bearings at the stowed panel resonance. 

A full size wrap drum, 12-inches in diameter of 0.032 magnesium per Ryan 
Drawing No. 40011023 was installed in a rigid aluminum fixture at each end 
support bearing, (see Figure 38). 
panel mode and wrap drum resonance modes would be lower than the spacecraft 
mount resonance mode and that dynamic transmissibility through the spacecraft 
mount at those resonances would be 1 to 1, justifying a test without the use 
of spacecraft mounts. 

Dynamic analysis showed that the stowed 

S i x  full width substrate panels of 1 mil Kapton were used. 
panel was covered with 2 x 2 dummy chips except for an area in center to which 
was applied a 9-1/2" x 9-1/2" solar cell matrix consisting of 2 x 6 cells 

Each substrate 

. 
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not interconnected. 

was equivalent t o  the  t o t a l  weight of s o l a r  cells f o r  t he  f u l l  s o l a r  panel 

consis t ing of 13 subs t ra tes .  

The weight of the  dummy chips used on the  s i x  subs t r a t e s  

The back of t h e  subs t r a t e  panels had 0.15 inch th ick ,  2 pounds/cubic foot  poly- 

urethane foam damping pads representing t h e  a rea  coverage establ ished by ana- 

l y s i s .  

Tests were conducted by first applying one wrap and then successively adding 

wraps. 

shapes, resonance frequency, and response accelerat ions were recorded. Since 

two of the  s i x  wraps had dummy chips of copper which represented 50 percent 

of t h e  t o t a l  s o l a r  cell  i n s t a l l a t i o n  mass, care was taken i n  t e s t i n g  t o  eval-  

uate  t h e  influence on t e s t  r e s u l t s .  

The panels were ca re fu l ly  wrapped, without pretension, around the  drum. 

After each addi t ion of a panel wrap; a t e s t  was made and t h e  mode 

Figure 38 T e s t  Setup - Stowed Panel Vibration T e s t  
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Test Results 

Each successive wrap after the  t h i r d  had l i t t l e  effect 

terist ics,  with the  exception of panel and drum transm 

on the  

s s i b i l  

dynamic charac- 

t ies.  Damping 
provided by t h e  stowed panel appeared t o  increase as t h e  wraps were added, but 

t he  increase appears t o  be neg l ig ib l e  after the  s i x t h  wrap i s  added (see 

following tes t  curve) ,  

A t  t he  c r i t i c a l  resonance (stowed panel, 30 Hz), t r ansmiss ib l i t i e s  through 

the  drum end p l a t e  were the  same with t h e  f i f t h  and s i x t h  wraps (1 t o  1) and 

t r a n s m i s s i b i l i t i e s  through t h e  drum mount bearings were 1.17 with a l l  s i x  

wraps. 

Eil 

& 10 $2 

gjg 6 

5 2  
gk 4 ----,,,,-rl 

8% EXTRAPOLATION TO 1: ACTUAL NO. OF WRAPS 

w $; 2 
z z  

0 
1 2  3 4 5 6 7 8 9 1 0 1 1 ;  

PANEL WRAP 0 

The drum and stowed panel resonances were found t o  be completely decoupled. 

The drum, i n  a c t u a l i t y  i s  not loaded by the  stowed panel motion as a beam i n  

bending as was assumed. 

mater ia l  has s u f f i c i e n t  s t i f f n e s s  and may be reduced i n  thickness t o  save 

weight (0.025 from 0.032 inch) . 

As a r e s u l t  t he  magnesium proposed f o r  the  drum 
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WRAP DRUM STOWED PANEL 
MODE SHAPE 

CRITICAL RESONANCE 
(STOWED PANEL ELLIPTIC 
MODE SHAPE) 

A monitor of  t h e  stowed panel wraps a t  t h e  maximum def lec t ion  mode shape 

(30 Hz)  showed t h a t  a l l  wraps were v ibra t ing  i n  phase, and t h a t  a t  lower exci- 
t a t i o n  leve ls  t h e  mode was r a d i a l  i n  shape, changing t o  the  e l l i p t i c  shape 

(more c r i t i c a l  shape) a t  forcing exc i ta t ions  above lg  (Pk); there  was no 

o ther  change, with t h e  exception of a reduction i n  panel t r ansmiss ib i l i t y  

(from 8.6 t o  4) a t  t h e  4g (Pk) exc i t a t ion .  The maximum stowed panel def lec-  

t i o n  was 0.20 inch a t  t h e  30 H z  mode, which i s  within t h e  0.25 inch l i m i t  set 

by Ryan i n  the  design. 

The tests showed t h a t  it is necessary t o  provide 100 percent bond area  a t  the  

cells when using t h i n  membrane type subs t r a t e  mater ia l  of low modulus of  

e l a s t i c i t y .  N o  f a i l u r e s  o f  t h e  s o l a r  c e l l  cover g l a s s  combination occurred; 

however, some s o l a r  cel l  interconnects  on t h e  matrices of  each panel wrap were 

f w n d  broken as  a r e s u l t  of t e s t i n g .  

cycle time on t h e  inner  wrap and 10 minutes on the  outer  wrap. 

There was 108 minutes of accumulated 

PARTIAL 
BOND AREA SOLAR CELL FLEXIBLE TYPE 

2 MIL SILVER COATED 
COPPER INTERCONNECTS 

SUBSTRATE (1 MIL KAPTON) 
3 

CROSS-SECTION OF SOLAR CELLS SHOWING AREA OF DAMAGE OF INTERCONNECTS 
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2.6.4 Solar Cell Interconnect Vibration Evaluation Tests 

This section discusses the sinusoidal vibration evaluation test program which 
was conducted to determine a suitable solar cell interconnect compatible f o r  

use with a thin membrane substrate. 

Purpose of Test 

To find the best interconnect and bond method (partial or  100 percent bond 
area) which i s  compatible with sinusoidal loading under conditions simulating 
that which occurred during the full size drum vibration test, where the deflec- 
tion was 0.2 inch single amplitude measured at the outer wrap in the plane of 
vibration at the elliptic mode. 

$pecimen Configurations for Evaluation 

Configuration 

1 

2 

Description 

2 x 6 cm (14 mil) cell with copper flexible 
interconnects (4 per 6 cm length) with cell 
bond area in the center of cell only. 

2 x 2 cm (12 mil cell and 3 mil cover) with 
copper flexible interconnects (12 per 6 cm 
length) with cell bond area in center of cell 
only. 

2 x 6 cm cell with Molybdenum flexible inter- 
connects (4 per 6 cm length) with 100 percent 
cell bond area. 

2 x 6 cm cell with copper flexible interconnects 
(4 per 6 cm length) with 100 percent cell bond 
area. 
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Configuration 

5 

Description 

2 x 6 cm cel l  with copper f l e x i b l e  interconnects 

(12 per  6 cm length) with 100 percent c e l l  bond 

area. 

Each specimen had a wired s o l a r  cell  matrix (6 x 10) bonded a t  the  center  of  

an 8-1/2" x 10-1/2" 1 - m i l  Kapton s u b s t r a t e  with dummy chips covering the  

balance of the  s u b s t r a t e  area. 

Test Setup 

The specimen was draped t o  simulate the  wrapped conditions over a six-inch 

radius  r i g i d  aluminum cy l ind r i ca l  ha l f - sec t ion  f i x t u r e .  

inch diameter x 0.15 inch th i ck  damping pads on 1.9 inch centers  a t tached t o  

i t s  surface.  

shown i n  Figure 39. 

and t h e  specimen response acce lera t ions  monitored using a miniature  acceler- 

ometer 

i n  t h e  plane of exc i t a t ion .  

accelerometer mounted t o  t h e  f i x t u r e  i n  the  plane o f  exc i t a t ion .  Each speci-  

men was mass loaded, t o  g ive  the  desired amount of force  i n  the  specimen when 

driven a t  18g response a t  a frequency of 20 Hz. This character ized a loading 

d i s t r i b u t i o n  similar t o  t h a t  obtained during v ib ra t ion  t e s t  of the  f u l l  s i z e  

drum. 

The f i x t u r e  had 0.75 

The specimen was clamped a t  i t s  two ends t o  the  f i x t u r e  as 
The f i x t u r e  was mounted t o  a s i n e  wave v ib ra t ion  e x c i t e r  

attached t o  the  s o l a r  ce l l  coverglass a t  the  center of t he  specimen 

Input exc i t a t ion  levels were control led from an 

Tes t  Results 

The interconnect  f a i l u r e  rate is p l o t t e d  i n  Figure 40. 

Weight 
Specimen Configuration l b s / f t 2  Remarks 

1 - Poorest 0.2390 Not enough interconnects  with small 

bond area. 
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Figure 39 Test Specimen Mounted To Vibration Fixture 
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Weight 
lbs  / f t * Specimen Configuration 

2 - Bet te r  than No. 1 0.2322 

3 - Better than No. 2 0 * 2221 

4 - Better  than No. 3 0.2322 

5 - Best 0.2659 

Remarks 

Greater number of interconnects affected 

r e s u l t s  with respect  t o  No. 1. 

Ei ther  l a rge r  bond o r  d i f f e r e n t  i n t e r -  

connect material a f fec ted  r e s u l t s  with 

respect  t o  No. 2. 

Larger bond area  i s  b e t t e r .  

interconnect seems t o  be b e t t e r .  

Copper 

Larger bond area with g rea t e r  number of 

copper f l e x i b l e  interconnects is  b e s t .  

No f a i l u r e  a t  15 minutes and 18g. 

The above l i s t e d  weights should be considered as r e l a t i v e ,  only, because t h e  

s o l a r  cells used were th i cke r  than 8 m i l ,  i n  which case the  weight should 

have been about 0.174 pound/square foot  using 3 m i l  covers. 

however, does show consistency i n  weight, regardless  of interconnect 

configuration. 

The breakdown 

The r a d i a l  force  a t  18g response f o r  t he  specimens is  calculated as: 

2 2 
( l b s / f t  ) (g response) = (1.61) (18) = 29 l b s / f t  

which approximates the  31 pounds/square foot  loading at  t h e  s o l a r  c e l l s  on the  

outer  wrap of t h e  f u l l  s ize  test  drum. 

Conclusions 

The configurations which s a t i s f a c t o r i l y  passed t h e  evaluation test  were No. 4 

and 5. The des i rab le  conEiguration cha rac t e r i s t i c s  a r e  : 

. 100 percent s o l a r  cell  bond area 
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. f l e z i b l e  interconnects  

. 2 m i l  copper interconnect material 

. 1 2  interconnects per  each 6 cm cel l  length.  

2.6.5 Panel Axial Loads - Launch Environment 

The seve r i ty  of a x i a l  v ibra t ion  and i t s  effect on proper deployment was shown 

by the  t e s t  performed on t h e  SO-square foo t  ro l lup  panel. 

pound ar ray  in t e rmi t t en t ly  spaced fence brackets  are  i n s t a l l e d  a t  e i t h e r  end. 

In  the  30-watts/ 

of t he  wrap drum t o  r e s t a i n  the  ax ia l  motion of the  panel and beams when the  

drum i s  exci ted along i t s  major ax is .  

induced by t h e  subs t r a t e  is approximately 10 pounds l i m i t ,  Reference 2 .  

The calculated force  a t  each bracket 

A s t a t i c  load tes t  of a wrapped beam sec t ion  was conducted t o  ve r i fy  the  capa- 

b i l i t y  of the  subs t r a t e  attachment tabs ,  the  re ta in ing  brackets,  and the  

f l a t t ened  beam t o  withstand t h e  calculated design loads. 

applied without f a i l u r e  (see Figure 41). 

The design load was 

FENCE BRACKET 
RUBBER BUSHING 
*MOUNTED TO DRUM 

PANEL WRAPS 

STOWED BEAM 1 

WRAP DRUM 

Figure 41 Fence Bracket 
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2.6.6 Adhesive Evaluations - Environmental 

An evaluat ion of various adhesive systems for  s o l a r  cells was performed t o  

measure compliance of these  systems with paragraph 3 . 3 . 1 ~  of J P L  Spec i f ica t ion  

SS501407A. The purpose of t h e  test was t o  e s t a b l i s h  whether (a) adhesive pro- 

p e r t i e s  suf fe red  any appreciable degradation when thermal cycled i n  a high 

vacuum and (b) t h e  adhesives showed an appreciable weight l o s s  after being 

subjected t o  high and low temperature extremes i n  a high vacuum. 

Tests were conducted on t h e  following adhesives: 

RTV 602 RTV 41 

Sylgard 182 RTV 511 

S i l ias t ic  140 RTV 577 

Schjeldahl  GT-100 RTV 3145 

S f adhe Samples were prepared by cas t ing  a control led thickne ive  between 

two cy l ind r i ca l  bars  s u i t a b l e  f o r  tension t e s t .  

described i n  d e t a i l  i n  Reference 1. 

Specimen preparat ion i s  

Each sample was weighed and numbered before  t es t  and the  weight recorded from 

an ana ly t i ca l  balance.  

of t h ree  adhesive samples and withheld from thermal vacuum. 

samples were subjected t o  t e n  cycles from -195OC t o  14OoC a t  1 x 10 

with a 90 minute cycle  and temperature s t a b i l i z a t i o n  dwell a t  the  extreme 

temperatures, 

One control  sample was then se l ec t ed  from each group 

The remaining 
-6 t o r r ,  

When thermal vacuum t e s t i n g  was complete, samples were re-weighed and a t e n s i l e  

t e s t  was then conducted on the  samples t o  check any degradation i n  adhesvie 

s t rength  . 

S t r e s s  s t r a i n  curves were p l o t t e d  f o r  each of t h e  t es t  samples after the  ther -  

mal vacuum tests. 
deviat ions (? lo  percent) from the  cont ro l  samples. Any deviat ion i n  excess 

of 10 percent would i n d i c a t e  a severe degradation i n  the  adhesive. 

The curves of similar samples were compared f o r  any gross  
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None of t he  samples, with t h e  exception of the  Schjeldahl GT-100, showed any 

appreciable degradation due t o  thermal cycl ing i n  a vacuum. 

Table 8 sumarizes t h e  test  r e s u l t s .  

and 3. 

s i v e  due t o  sample damage and have therefore  been omitted from t h i s  summary. 

Test d e t a i l s  are reported i n  References 1 

Test r e s u l t s  f o r  RTV 602, Sylgard 182 and S i l a s t i c  140 were inconclu- 

TABLE 8 

EFFECT OF THERMAL VACUUM ON ADHESIVES 

(10 Cycles From -195OC t o  14OoC at  Torr )  

* 

Weight Loss Tensi le  Strength 
Material Percent Change Percent 

RTV 577 1 . 2  -5.3 

RTV 511 0.4 +15.0 

RTV 41 

RTV 3145 

S i l a s t i c  140 

0.3 

0.3 

0.2 

+4.8 

-3.0 

-8.5 

2.6.7 Adhesive Bonding Tests 

Screening tests were conducted on Kapton bonding using various epoxy, s i l i c o n e  

and polymide adhesives (Reference 1). 

So la r  c e l l  bonding was evaluated by performing peel  tests. 
wa5 evaluated by performing l a p  shear  and peel t e s t s .  

included RTV 41, RTV 511, and RTV 3145 for s o l a r  c e l l  bonding. 
sp l i c ing  adhesives t e s t e d  were FM 1044R, Narmco 225, FM 964, TR-150-25 and 

Narmco 329. 

Kapton sp l i c ing  

Adhesives t e s t e d  

Kapton 

I 
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The results of these  tests indicated t h a t  t he  b e s t  f l ex ib l e  adhesive systems 

were RTV 3145 f o r  cel l  bonding and FM 1044R f o r  Kapton sp l ic ing .  

The tes t  r e s u l t s  of severa l  adhesives are summarized i n  the  following t ab le .  

Detailed test  procedures and r e s u l t s  are presented i n  Reference 1. 

Peel 
Strength 

Adhesive P r i m e r  p s i  

Kapton t o  Solar  Cell RTV 411 554044 2.7 

Kapton t o  Solar  Cell RTV 511 SS4004 1.4 

Kapton t o  Sa la r  Cell RTV 3145 1200 3.5 
( c e l l s  only) 

Kapton t o  Kapton FM 1044R --- 2.3 

Kapton t o  Kapton TR-150-25 c-- --- 
Kapton t o  Kapton Narmeo 329 --- 0.2 

Shear 
Strength 

p s i  

--- 

--- 

-c- 

>log* 

141 

> 92* 

*Kapton f i l m  f a i l e d  i n  tension 

Tests were conducted t o  measure j o i n t  s t rength  and f a i l u r e  modes of the  beam 

t o  subs t r a t e  edge attachment. 

s i l i c o n e  rubber coated g l a s s  c lo th  were conducted (References 1 and 3) .  

Tests on r i g i d  metal connectors and f l e x i b l e  

Results of the f l e x i b l e  tab  t e s t s  indicated t h a t  a shear  s t rength  of 138 p s i  

was obtained i n  g l a s s  f i b e r  t o  titanium bonds using RTV 3145 and 1200 primer 

on t h e  mating Surfaces. 

Additional t e n s i l e  shear  s t rength  t e s t s  were performed using woven g lass  f i b e r  

tapes bonded t o  Kapton with RTV 3145. 

following page : 

Test r e s u l t s  a r e  presented on the  
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TENSILE SHEAR STRENGTH OF GLASS FABRIC TO KAPTON BONDS WITH RTV 3145 

Shear 
Strength 

Material P r i m e r  (PS i 1 Fa i lure  Mode 

Tape 4538-S910 (Carolina) * None 50 To Kapton 

Tape 4538-S910 (Carolina) 90-198 (Kapton) 55 To Kapton 

Tape 4538-S910 (Carolina) 1200 (Kapton) 49 To Kapton 

Tape 138 (Fiber Mfg. Co.)* None 25 To Kapton 

Tape 138 (Fiber Mfg. Co.) 90-198 (Kapton) 47 To Kapton 

Tape 138 (Fiber  Mfg. Co.) 1200 (Kapton) 53 To Kapton 

*Tape dimensions 1.0 inch wide x 0.003 inch 

The tes ts  ind ica t e  t h a t  a s u i t a b l e  edge attachment can be made using g l a s s  

f i b e r  tape .  The design se l ec t ed  uses  a f l e x i b l e  g l a s s  f i b e r  woven tape  1.0 

inch wide by 0.003 inch th i ck  bonded t o  t h e  titanium beam and Kapton subs t r a t e  

with RTV 3145. 

2.6.9 P la t ing  Method f o r  Aluminum Bus Bar 

The design of t he  a r r ay  requi res  e lectr ical  connections t o  be  made t o  the  

aluminum bus by so lder ing .  

considered. 

face ,  only i n  t h e  areas t o  be soldered.  

solder ing and desoldering s o  t h a t  rework can be  performed i f  required.  

A s i l v e r  c lad  aluminum f o i l  had been previously 

However, it would be  des i r ab le  t o  provide a s i l v e r  p l a t ed  sur- 
The surface should be capable of 

Test samples cons is t ing  of a shee t  of aluminum bonded between two shee ts  of  

Kapton were prepared with s l o t s  two inches long by 1/4-inch wide, provided i n  

t h e  Kapton. The aluminum connection areas, were brush-plated using Selectron 

No. 2 Act ivator ,  Selectron ac id  high speed copper and Selectron s i l v e r  p l a t i n g  

so lu t ion .  Copper f o i l  s t r i p s ,  1/8-inch wide by 0.0015-inch th ick  were 

soldered t o  t h e  p l a t ed  surface using Kester 1544 f l u x  and SN-53 so lder .  

s t r i p s  were desoldered and soldered again,  as noted, and p u l l  tests performed 

as shown i n  Table 9 .  

The 
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TABLE 9 
PEEL STRENGTH OF PLATED ALUMINUM FOIL SOLDER CONNECTIONS 

1 

2 

3 

4 

5 

6 

7 

I 

Activator/silver 

Activator/silver 

Activator/silver 

Activator/copper/ 
Silver 

Act ivat or/copper/ 
silver 

Activator/ copper/ 
silver 

Act i vat or/ copper/ 
silver 

Specimen Plating Process 4 

1 

;o lde r/l)es ol der 
Cycles 

Peel Strength 
:lbs/in. width 

4.5 

4.9 

2.1 

5.3 

6.8 

3.1 

3.6 

Failure Mode 

Silver-aluminum 
separation 

Silver-aluminum 
s eparat i on 

Silver-aluminum 
separation 

Copper- aluminum 
s eparat i on 

Copper- aluminum 
separation 

Aluminum tore 

Copper- aluminum 
separation 

The tests indicate either of the two plating systems provide acceptable adhe- 
sion. The Activator/copper/silver system is preferred. 

2.6.10 Solar Cell Interconnection Test 

This test was conducted to measure the effect of thermocyling one hundred 
times from -148'F to +168'F with a temperature gradient of 54'F/minute on the 
following bus bar materials : 

a. Aluminum with copper flash and silver plate 

b. Aluminum with nickel flash and silver plate 

c .  Copper with silver plate 

d. Molybdenum (silver clad) 
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Physical i nves t iga t ion  included d isco lora t ion ,  fa t igu ing ,  and scparat ion o f  

so lde r  j o i n t s  from t h e  s o l a r  ce l l .  

A l l  ce l ls  used were b a r  contact  2 x 6 cm. 

copper and s i l v e r  p l a t i n g  modules used s i x  cells. 
p l a t e  modules used four  ce l l s .  

used e igh t  c e l l s .  

Molybdenum and aluminum with 

The copper with s i l v e r  

The aluminum with n icke l  and s i l v e r  p l a t ing  

The modules were placed on t h r e e  shelves with Kapton tape  i n  t h e  tes t  chamber. 

Three modules were placed i n  t h e  chamber; molybdenum was added a t  t h e  50th 

cycle .  

temperature grad ien t  of  54°F pe r  minute between hot  and cold s t a b i l i z a t i o n .  

Once s t a b i l i t y  of t he  chamber occurred, thermocouples were given a five-minute 

s t a b i l i z a t i o n  time. 

f o r  an add i t iona l  one minute f o r  t h e  timed soak period. 

t he  completion of each t en  cycles ,  were removed from the  chamber and inspected 

f o r  any discrepancies ,  as  described before .  

f o r  one-hundred (100) cycles  ( f i f t y  f o r  molybdenum) a t  which time t h e  t e s t  

was complete. 

One-hundred cycles  were run from +168"F t o  -148°F with a minumum 

When s t a b i l i z a t i o n  was completed temperature was he ld  

A l l  modules, upon 

This procedure was ca r r i ed  out  

The bus ba r  assemblies were inspected under a t h i r t y  (301 power stereomicro- 

scope f o r  d i sco lo ra t ion ,  buckling and var ious o the r  v i s i b l e  problems mentioned 

earlier.  

Each so lde r  connection between c e l l  and bus b a r  was p r i ed ,  under magnif icat ion,  

t o  &serve any s ign  of  b r i t t l i n g  o r  separa t ion .  

t h e  modules were replaced i n  t h e  chamber. 

When inspec t ion  was complete 

Resu 1 t s 

Of t h e  four  modules t e s t e d  degradation was evident i n  tl,ree. 

bus b a r  samples; i . e . ,  with n i cke l  and s i l v e r  p l a t e ,  and copper and s i l v e r  

p l a t e ,  showed a tendency t o  s t r e t c h  and wrinkle s l i g h t l y  over one-hundred 

cycles .  

The two aluminum 

The molybdenum showed s igns  of severe d i sco lo ra t ion  on two of  t h e  
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s i x  bus ba r s ,  a f t e r  f o r t y  cycles .  Further  i nves t iga t ion ,  however, revealed 

t h i s  t o  be  an oxidat ion of t h e  s i l v e r  p l a t ing .  

bus bas showed v i r t u a l l y  no s i g n  of  any degradation. 

The copper with s i l v e r  p l a t e  

Several  broken tabs  and a few cracks were noted a t  t h e  ce l l  junct ion.  This,  
however, can be a t t r i b u t e d  t o  f a t igue  from handling, as it was p r a c t i c a l l y  

impossible t o  remove and rep lace  without bending s l i g h t l y .  

were noted. 

No so lde r  f a i l u r e s  

The tes ts  i n d i c a t e  t h a t  copper with s i l v e r  p l a t e  would provide an acceptable 

interconnect .  However, f u r t h e r  thermal vacuum t e s t i n g  with 2 cm x 2 c m  s o l a r  

cells bonded t o  Kapton s u b s t r a t e  must be conducted t o  v e r i f y  t h e  se l ec t ion  of 

copper interconnects .  

A previous tes t  program indica ted  t h a t  t he  s i l ve r - c l ad  molybdenum was capable 

of  withstanding temperature grad ien ts  fa r  i n  excess of t he  54OF per  minute. 

The p r inc ipa l  problem assoc ia ted  with molybdenum i s  t h e  d i f f i c u l t y  o f  obtaining 

vendors capable of p l a t i n g  molybdenum. 

inf luence  on any l a rge  program with an acce lera ted  de l ivery  schedule. 

This problem could have a profound 

2.7 MODEL DESCRIPTION 

The f u l l  s i z e  deployment model has been designed and constructed t o  incorporate  

a l l  s i g n i f i c a n t  f ea tu re s  of  t he  subsolar  a r ray  design. Figures 42,  43, 44, 45, 

and 46 a re  photographs of  t h e  model with t h e  s u b s t r a t e  r e t r ac t ed ,  p a r t i a l l y  

deployed ho r i zon ta l ,  f u l l y  deployed hor izonta l ,  p a r t i a l l y  deployed v e r t i c a l  

and f u l l y  deployed v e r t i c a l .  The major elements of  t h e  model are as follows: 

Wrap D r u m  

The wrap drum i s  f u l l  s i z e ,  f ab r i ca t ed  from 0.032 gage magnesium sk in  and 

supported i n t e r n a l l y  with t h r e e  "Z" sec t ion  r ings .  

a ted  with f langed l igh ten ing  holes  t o  minimize t h e  weight. 

are made from a plywood sandwich with t i tanium sk ins  designed t o  be dynamically 

s i m i l a r  t o  the  ac tua l  a r ray  bulkheads. 

The drum s k i n  is perfor-  

The end bulkheads 

2-139 



Drum/Beam Support S t ruc tu re  

The drum support  s t r u c t u r e  i s  machined from aluminum extrusions and provides 

t h e  support t r ack  f o r  t h e  drum-axle mounted t e f l o n  s l i d e .  The machined sec- 

t i o n s  are r ive t ed  t o  aluminum shee t  metal box sec t ions  which serve as t h e  

mounting f o r  t h e  t e f l o n  beam guides and f o r  t h e  deployment motor, pinion 

gear  and d r ive  s h a f t .  

Subs t ra te  Assembly 

The s u b s t r a t e  assembly cons i s t s  of t h i r t e e n  37 x 38-inch subpanels made from 

one m i l  Kapton H f i l m .  

with 1 .0  inch wide f i b e r g l a s s  tabs  spaced a t  approximately 4.0 inches. 

t abs  a re  bonded t o  t h e  Kapton and t o  t h e  beams with RTV-3145 adhesive. 

panels a r e  interconnected with t h e  f ibe rg la s s  tabs  a t  approximately 4.0-inch 

spacing. 

t o  s imulate  t h e  s o l a r  cel ls .  

The panels a re  a t tached t o  t h e  t i tanium support  beams 

The 

The 

Scored Styrofoam shee ts  a r e  bonded t o  each of t h e  t h i r t e e n  panels 

Polyurethane pads and simulated t ransverse  and longi tudina l  bussing are 

incorporated t o  represent  t h e  ac tua l  s o l a r  panel i n s t a l l a t i o n .  

The deployment beams a re  f u l l  s i z e  3 m i l  1.7-inch diameter 6A1-4V t i tanium 

and were fabr ica ted  by welding two 18-foot sec t ions  and a 7 - f O O t  s ec t ion  

together  t o  achieve t h e  43-fOOt t o t a l  length.  

was made from commercial pure t i tanium and welded t o  the  beams p r i o r  t o  

forming and assembly. 

The corrugated d r ive  s t r i p  

Deployment Sys tem 

The deployment system as presented by t h e  model i s  func t iona l ly  i d e n t i c a l  t o  

t h e  system proposed f o r  t he  s o l a r  array.  

motor mounted t o  one of two pinion gears .  

d r ive  s t r i p s  a t tached t o  t h e  deployment beams. 

torque s h a f t  which synchronizes t h e  deployment ra te  of t h e  beams and s o l a r  

panel.  

The system cons i s t s  of a deployment 

The gears engage the  corrugated 

The gears  are connected by a 
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A second motor i s  mounted on the  drum-axle s l i d e  and provides the  power f o r  

r e t r a c t i n g  t h e  s o l a r  panel.  

During t h e  deployment cycle  the  gear  mounted motor suppl ies  power t o  the  rack 

and pinion system which ex t r ac t s  t h e  beams and subs t r a t e  from the wrap drum. 

The r e t r a c t i o n  motor provides a dragging torque t o  maintain uniform deployment 

and t i g h t  beam wraps on the  drum. 

l i shed  by supplying power t o  the  r e t r a c t i o n  motor. 

tension motor suppl ies  a dragging torque t o  insure  proper wrapping of the  

beams and subs t r a t e  on the  drum. 

Retraction of  t he  s o l a r  panel i s  accomp- 

During t h i s  cycle of ex- 
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Figure 42 Full Scale Model - Substrate Retracted 
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Figure 43 Full Scale Model - Partially Deployed, Horizontal 
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Figure 44 Ful l  Scale  Model - Fully Deployed, Horizontal 
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Figure 45 Fu l l  Scale  Model - P a r t i a l l y  Deployed, Vertical 
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Figure 46 Full Scale Model - Fully Deployed, Vertical 
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3.0 CONCLUSIONS 

The r e s u l t s  of t h e  Phase I program show that technology is  cur ren t ly  ava i l -  

able  which w i l l  permit t he  development of  a 250-square foot f l igh t - type  

a r ray  i n  the immediate fu ture .  
processes a r e  f eas ib l e ,  r e p a i r  and replacement of  damaged components may be 

r ead i ly  achieved, handling, t ranspor ta t ion  and product t e s t  support equip- 

ment is  s t r a i g h t  forward and t h a t  t h e  design goal of  30-watts p e r  pound can be 

achieved. 

ana ly t i ca l  s tud ie s  performed but  a l so  upon p a r a l l e l  experience with the  50- 

square foot r o l l o u t  panel,  component development t e s t i n g  and t h e  development 

of the  30-watts/pound f u l l  s ca l e  model. 

It  has been shown t h a t  t he  manufacturing 

This conclusion i s  based not  only on t h e  r e s u l t s  of  t he  design and 

The s tudies  were conducted i n  depth and included analyses o f  dynamic 

p rope r t i e s ,  loads,  stress, weights, thermal e f f e c t s ,  e l e c t r i c a l  performance 

and r e l i a b i l i t y .  Additionally,  engineering drawings were evolved which 

def ine t h e  f i n a l  assembly, subassemblies and each component i n  d e t a i l .  

Both t h e  design and the  ana ly t i ca l  e f f o r t  made d i r e c t  use of experience 

obtained from t h e  50-square foot r o l l o u t  panel,  r e su l t i ng  i n  improvements t o  

d e t a i l s  o f  t h e  concept and el iminat ion of  problem areas. 

important appl icat ions of t h i s  r e l a t e d  experience a re  found i n  the  : 

Some of  t h e  

. Development of a pos i t i ve ,  synchronized system f o r  extending 

and r e t r a c t i n g  the  beams. 

. Development of a subs t r a t e  t o  beam attachment which provides 

improved f l e x i b i l i t y .  

. Development of a means t o  prevent excessive ax ia l  movement 

of  t h e  beams and subs t r a t e  under launch v ibra t ion  conditions.  

. Incorporation of  a thermal control  system t o  el iminate  

excessive loads due t o  d i f f e r e n t i a l  expansion/contraction. 
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. Determination of the required r i g i d i t y  of t h e  a r ray  t o  

spacecraf t  mounts. 

Ver i f ica t ion  t e s t i n g  accomplished on components for  the 250-square foot array 

has es tab l i shed  confidence i n  the  ana ly t i ca l  and design approach. 

range of  items were t e s t e d  extending from simple material specimens t o  a f u l l  

s c a l e  drum with a dynamically similar s o l a r  panel.  

A broad 

A real is t ic  ca lcu la ted  weight has been es tab l i shed .  

based upon a de t a i l ed  weight breakdown derived from t h e  engineering drawings 

which accurately def ine t h e  geometry and materials of t h e  components. 

cri t ical  components shown on the  drawings were subs tan t ia ted  by stress 
ana lys i s .  

The calculated weight is  

A l l  

Proof o f  p r inc ip l e  has been shown through t h e  operation of  t h e  f u l l  s c a l e  

model. This model has incorporated t h e  fea tures  depicted i n  the  proposed 

design and cycling of  t he  system has demonstrated repeatable ,  trouble,  free 

operation. The model has shown t h e  f e a s i b i l i t y  of manufacture through t h e  

incorporation o f  Kapton subs t r a t e s  and deployable beams with in t eg ra l  

corrugated dr ive  s t r i p s .  

u ra t ion  expected t o  be used i n  prototype s o l a r  a r ray .  

t h e  system are considered conventional from t h e  standpoint o f  fabr ica t ion  

and assembly. 

Both of  these  items are of gauge, s ize  and config- 

Other components of  
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4.0 RECOMMENDATIONS 

The Phase I program has subs tan t ia ted  t h e  p r a c t i c a b i l i t y  of  a 30-watt pe r  

pound s o l a r  a r ray  i n  t h e  10.0 kw s i ze  range. 

Results o f  t h e  s tudy j u s t i f y  the  implementation of  Phase I1 o f  the  30-watts/ 

pound program. 

during Phase 11, no b a s i c  change t o  t h e  concept i s  expected, 

While refinement o f  design d e t a i l  would be an t ic ipa ted  
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5.0 NEW TECHNOLOGY 

One i t e m  of a "New Technology" na ture  was i d e n t i f i e d  i n  the  performance of 

t h i s  cont rac t .  That i s ,  

Descriptive T i t l e  -- 
The Application of Ultra Thin So la r  C e l l  Coverslides 

Names of  Innovators -- 
Robert Oliver  

Edward Zimmerman 

Progress Report Disclosure -- 
General descr ip t ion  given i n  t h e  Second Quarterly Report, Ryan 

Report No. 40067-2, dated 15 January 1968, F e a s i b i l i t y  Study, 

30-Watts P e r  Pound Rollup Solar  Array, Contract No. 951971. 

Page Reference t o  Disclosure -- 
I n i t i a l  d i sc losure  found on page 22 o f  the repor t .  

Disclosure Data -- 
A new technology repor t  was submitted t o  NASA-JPL, 5 March 1968. 
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7.0 APPENDIX 

7.1 STRESS ANALYSIS 

S t r e s ses  and r e s u l t i n g  sa fe ty  margins presented i n  t h i s  s ec t ion  are f o r  the  

more c r i t i c a l  of t h e  design load environments given i n  t h e  J P L  Spec i f ica t ion .  

The ana lys i s  t h a t  has been conducted includes a l l  t h e  primary weight con t r i -  

buting s t r u c t u r a l  components of  t he  ro l lup  panel and its r e l a t i v e l y  l a rge  

i n  scope t o  give a s i g n i f i c a n t  degree of confidence t o  t h e  ca lcu la ted  weights 

i n  Section 7 . 3  and t h e  r e s u l t i n g  watts/pound c a p a b i l i t y  given i n  Section 2.5.4. 

The work presented supersedes t h a t  given i n  Quarterly Reports s ince  drum axis  

induced loads a r e  now reac ted  a t  only one of t h e  panel spacecraft  mounts; 

t h i s  i s  a result of t h e  incorporation of spacecraf t  i n t e r f a c e  thermal s l i p  

j o i n t  a t  t h e  o the r  spacecraf t  mount. The ana lys i s  i s  based on loads derived 

using a more real is t ic  e l e c t r i c a l  i n s t a l l a t i o n  weight of 0.165 pounds/square 

foot ,  whereas e a r l i e r  ana lys i s  assumed a more conservative weight of 0.19 

pounds/square foot .  

Loads, buckling allowables, and sec t ion  p rope r t i e s  are based on nominal sheet 

thicknesses.  Dynamic loads a re  t r e a t e d  as s t a t i c  loads. Some conservation 

is  introduced i n t o  the  design by using dynamic (0 t o  Pk) load values r a t h e r  

than rms values. 

s ec t ion  i s  t r e a t e d  as an u l t imate  f a i l u r e  under dynamic conditions t o  assure 

t h a t  f a t igue  due t o  " o i l  canning" ac t ion  w i l l  be eliminated. 

used f o r  ana lys i s  and derived from l i m i t  acce le ra t ion  given i n  t h e  J P L  Speci- 

f i c a t i o n ,  were compared t o  mater ia l  y i e l d  and u l t imate  allowables as follows : 

E l a s t i c  buckling of any one element of a composite c ross  

Design loads, 

Con 

Yields allowable 3, design l i m i t  load 

Ultimate allowable 2 1.25 design l i m i t  load. 

i de ra t ions  f o r  r e l i a b i l i t y ,  f ab r i ca t ion ,  handling and t have i n  some 

cases taken precedence over design loads and have r e su l t ed  i n  high margins o f  

s a f e t y  . 
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A summary o f  t he  lower margins of s a fe ty  f o r  t he  bas i c  components analyzed 

i s  presented i n  Table 10. 

7.1.1 Wrap Drum Spindle 

The f i n a l  drum-spindle and end p l a t e  configuration incorporates the design of 

a drum ax ia l  d i r ec t ion  s l i p  j o i n t .  

there  is  no ax ia l  load, a l l  the  ax ia l  load being taken out  a t  the  fixed end. 

This configuration means t h a t  the  loads a t  t h e  f ixed end have increased, and 

Thus a t  the  s l i p  j o i n t  end of t h e  drum 

the  stress analysis  given i n  Reference 3 has been modified t o  reflect t h a t  

change i n  loading. The design change r e su l t ed  i n  increasing the  s t i f f n e s s  of 

t h e  f ixed  end s t r u c t u r e  while decreasing t h e  s t r u c t u r a l  s t i f f n e s s  a t  the  s l i d e  

end. 

f o r  dynamic s t i f f n e s s .  

t i on  of loadings due t o  dynamic exc i t a t ion  occurring simultaneously i n  t h e  

three  p r inc ipa l  (orthogonal) axis  d i rec t ions .  Allowable stress leve ls  were 

based upon allowable cyc l i c  s t r e s s e s  f o r  lo5  cycles f o r  t he  mater ia l  uked, 

and as such was considered t o  be t h e  l i m i t  stress allowable. 

stress was considered t o  be completely r eve r s ib l e .  
5 equivalent of 8.33 minutes 110 /2OO(6)] a t  resonant condition. 

stress margins were low, the  ac tua l  time would be increases considerably. 

t he  bas i s  of t h e  above stress allowables f o r  l i m i t  loads, ul t imate  margins 

were considered t o  be l e s s  c r i t i c a l  i n  a l l  cases. 

The ac tua l  s t r e s s  leve ls  were conservative,  s ince  t h e  drum was designed 

Also, t h e  s t r e s s  analysis  does not r e f l e c t  any addi- 

The cyc l i c  

A t  200 cps t h i s  would be 

However, s ince  

On 

The stress analysis  of t he  drum spindle  mounting follows. 

on t h e  drum end support s t r u c t u r e  i s  shown i n  Figure 47. 

The schematic loads 

1 I 
= P = 359 lb .  Ref: p. 7.1-7 

px Y 

P = 30 l b .  i n  P d i r ec t ion  W = 65.0 lb.  
P / t  Y 

= aQ Wdr = (4.0)(5.0)(65.0) = 1300 lbs .  'ax 

A l l  of  t h e  ax ia l  load is  taken i n  one end. The aux i l i a ry  dr ive  has been 

eliminated and the  pre-tension spr ing has been placed along t h e  Y axis .  
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12. 

PANEL & SOLAR 
CELL ASS'Y. 

1-82. O", (& BEAMS 

86.36, & BEARING 

p (DRUM PRE-TENSION) 
P/T 

Figure 47 Loads - D r u m  End Support 
i 
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1 

Px = P = 359 lb.  

I 
= P + P = 359 + 30 = 389 lb. 

pY Y P/t 

P = P X + +  P = 359 * 389 7 529.34 lb. 
r Y 

Tgn 8 = P /P = 359/389 = 0,92289 
X Y  

I 
8 v 42' 42.22 

= Pr/vR = 529.34/6~ = 28.08 lb/in 
4s 

Dynamics - End Reactions - Uniformly Distribted Load 

A -DYNAMIC L DY 

t v-7 DEFLECTION 

W #/IN. A 

RA RB 

A = A (Sin px) (Sin ut) (Ref: 13,p. 324) 
DYn 

Q = (T.R. 2 s  -1) 

T.R,  = transmissibility (force) 

Q = Dynamic amplification (deflection) 

a = dynamic input G ' s  

At centerline of beam (x = L/2) 
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A = (aQ) Ast (assumed fo r  dampened beam) 

pL = IT, 2IT, 37-f :. 
Dyn 

Sin pL = Sin IT = 1.0 

A = A (Sin pL) (Sin w t )  = A ( a t  = ~ / 2 )  

A = (aQ) A - A, 

DYn 

s t  

4 As, = 5WL /384 E1 

R = RB = F/2 

A = (aQ As,) (Sin pn) (Sin u t )  . ' .  

h' = (aQAst) (Sin px) w 

A 

1 

DYn 

2 2 2 ( s i n  u t )  = d A/dx 

2 dF = dM (Acc) = - (W dx/g) (aQw As,) Sin px Sin u t  

2 2 (Acc = acce lera t ion ,  h' = d A/dx ) 

F o r  fundamental mode pL = IT . * .  

Tr 

F = - (W aQw2AsT/g)[ ' I  Sin px Sin w t  dx 

F = - (WaQw As,/g) [-Cos px Sin w t / P  

0 
2 

Disregarding per iodic  funct ion,  Sin w t  = 1 ( max) 

2 F = (WaQw AsT/pg) (Cos T - Cos 0) 
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2 
*F = -2waQw AsT/pg 

p = IT/L , 2IT/L 

2 2 
w2 7 (2afn) = ( 2 1 ~ 1 ~  (.rr/2) (5g/384AST) 

4 
w 2  = IT 5g/384AsT 

4 s i 4  F F -1OwaQr /p384 = -10wa (TR2 -1) v /384 (a/L)  

RA = R, = F/2 = 5wL(a) (T.R2 -1)' .rr3/384 

for  W = 0.664 lb / in  and T.R P 4.0 

RA = RB = 358.5 lb s  

7.1.1.1 Hub - 

In the  ana lys i s  of t he  hub, the  s t r e s s e s  have not  been combined f o r  various 

d i r ec t ions  of loadings.  

no t  be dynamically exc i ted  i n  more than one d i r e c t i o n  a t  a time, a t  t he  

maximum peak acce lera t ion  excitation. 

This is  based on the  assurance t h a t  the  drum w i l l  

7.1-7 



a. Fixed End 

= lt1300 lb.  l i m i t  

P = 2530 l b .  R 

1 

n = 6 b o l t s  

n = 2 b o l t s  

1) Axial Loading 

PB1 = PM/n = 1300/6 

PB1 = 217 lbs .  

2)  Lateral Loading 

I 1  

PB2 = dlPR/n d 

t 

d = 2.4 Cos 30" = 2.078 l b . ,  d = 105 i n .  1 

= 1.05 (530)/(2) (2.078) 'B2 

= 134 lb .  l i m i t  'B2 

(a) Section A-A - Flange Bending 

Flange i s  assumed t o  be can t i l eve r  with 50% end f i x i t y  a t  

load app l i ca t ion  poin t  "b" due t o  b o l t  clamping 
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dg = (d -dA)/2 = (2.40 -1.84)/2 = 0.28 in .  

t = 0.17 i n .  

b (1.84/2) = 0.92 (Side 60" A)  

M = @Is + MF)/2 = (PBd3 + .5 PBd3)/2 = 0.75 PBd3 

fb = 6M/bt2 = 6 f0.75) PBd3/bt 2 

= 4.5 PBld3/bt2 = 4.5 (217) (0.28)/0.92 (0.17 2 ) (I) f b l  

fbl = 10,284 p s i  l i m i t  (Axial Load) 

(2) fb2 = 4.5 PR2d3/bt2 = 4.5 (1.34) (0.28)/0.92 (0.17) 

fb2 = 6,350 p s i  l i m i t  

5 1 
F = (0.9) 20,000 = 18,000 p s i ,  f o r  10 cycles 
tY 

90% F f o r  2.0 t h i c k  magnesium p l a t e  

Ref: (12) - Tables 4.2.1.0(b) and 4.3. l (c)  
tY 

I 
M.S. 5 Ftr/fbl  -1 = 18,000/10,284 - 1 = +0.75 

3_c 

(b) Sect ion B-B - Ref: p. 7.1-8 

2 
f t  = PB/A + CD 6M/bt 

t = 0,20 i n .  d, = 1.40 +2 (2.0)/2 = 1.60 i n .  

'I' 

, ,/ 

A - bt = *dmt/n = ~ ( 1 . 6 )  ( t ) / 6  = .83776t = 0.16755 

M = k PB (d -dm)/2 = (0,80) PB (2.4 -1.6)/2 = 0.32 PB 
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k = moment end f i x i t y  f a c t o r  - Ref: p. 7.1-8 

CD = moment decay f a c t o r  f o r  a tubular  sec t ion .  Ref: (10) - 
Case 11, p.  271 

-AX CD = e (Cos Ax + Sin Ax) 

XB = 0.25, h = 0.20, rm = d,/2 = 0.80, p = 0.3 

3t % 
A = [3(1 -p2)/r m h2] = [3 (0.9)/0.8 (0.Z2) 

A = 3.0308 

= (3.0308) (0.25) = 0.7577 Rad. = 43' 24.8' 
A X  

e -Ax = 0.46874 

Sin Ax = 0.68725 COS A X  = 0.72641 

CD = .46874 (0.72641 + 0.68725) = 0.6626 

f = PB/A + CD 6M/bt2 = PB/.16755 t 

)/(.83776) (.2') + .6626 (6) (.32 PB 

f, = (5.968 + 37.964) PB = 43.932 PB 

f t l  = 43.932 PB1 = (43.932) (217) 

= 9,533 p s i  l i m i t  f tl  

ft2 = 43,932 PB2 = (43.932) (134) = 5887 p s i  l i m i t  
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(c) Section C-C t = 0.08 Ref: p.  7.1-8 

d T 1.56 -0.08 = 1.48 i n .  r = dm/2 = .74 
m m 

(1) f t  = P/A = P/admt = P/v(1.48) (0.08) = 2.688 PAX 

axial  load 

f t  = 2.688 (1300) = 3,494 p s i  ultimate tension f o r  

08) = 5.377 PR (2) fS = P r / m m t  = P r / r  (.74) ( 

= 5.377 (530) = 2850 p s i  4 1 i m i t  

The above hub was designed f o r  a high dynamic r i g i d i t y ,  

althsugh stress margins are conservative.  

b.  Hub - S l i d e  End 

PR = 5530 PAX = 0 iEquations f o r  fixed-end are appl icable  

1)  Sect iQn A-A t = 0.12 

f,, = 4.5 P d / b t 2  = (4.5) (134) (.33)/.92 (.12*) 
B2 3 

fb2 = 15,020 p s i  l i m i t  

d3 (2.40 - 1.74)/2 0.33 

= (1.40 + 0.15) = 1.55 dm 2) Sect ion B-B t = 0.15 

A = admt/n = 1~1.55  t / 6  = 0.81158t = 0.121737 

SC 
A = [3 (1-pZ)/rmt2] = [3 (0.9)/0.775 (0.15 
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h = (154.8387)' = 3.5275 

Ax = 3.5275 (0.25) = 0.881875 Rad = 50' 31.7' 

S in  Ax = 0.77194 Cos Ax = 0.63570 

e -" = 0.46288 

CD = 0.46288 (0.63570 + 0.46288) = 0.50851 

M = kPb(d - dm)/2 = 0.8 PB (2.4 - 1.55)/2 = 0 . 3 4  PB 

[ 1/0.12174 2 fb = PB/A + CD6M/bt = PB 

+ (0.50851) (6) (0.34)/0.81158 (0.15 

f;, + (8.214 +56.807) PB2 = 65.021 PB2 

f = 65.021 (134) = 8,713 p s i  l i m i t  b 

3) Sect ion C-C 

f t  = 2,850 Ref: Fixed End (same) 

M.S. Sect ion A-A 

M.S. = F /f  -1 = 18,000/15,020 -1 = +0.20 l i m i t  bu b2 

Conclusions 

The stresses i n  t h e  f ixed end por t ion  of t h e  hub are somewhat conservative.  

The hubs were designed t o  give good dynamic r i g i d i t y .  

f o r  f inding f lange bending stresses i s  considered t o  g ive  conservative 

The procedure used 

r e s u l t s .  
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7.1.1.2 End Pla tes  

Due t o  t h e  f a c t  t h a t  t he  hub-end p l a t e  and drum attachment is  not an exact 

condition, t h e  s t r e s s  analysis  endeavor was t o  e s t ab l i sh  the  maximum l i m i t s  

of the  induced stresses. The f i n a l  stress condition, therefore  is in t e r -  

mediate t o  those limits shown i n  Table 11. 
the  f a c t  t h a t  a l l  these  areas are redundant, and do not conform t o  t h e  

exact condition given i n  the  der ivat ions of t he  p l a t e  equations. The 

s t r e s s e s  i n  a l l  cases are low, due t o  t h e  f a c t  t h a t  t he  end p l a t e  was 

designed f o r  dynamic r ig idy .  The s t r e s s e s  shown have not been considered 

as being dynamically addi t ive,  s ince  it i s  considered t h a t  t h e  v ibra t ion  

d i rec t ion  would not be exci ted simultaneously. 

introduct ion of Section 7.1.1 f o r  a discussion of t he  configuration t o  be 

analyzed. 

This 3pproach was taken due t o  

Attention is  ca l l ed  t o  t h e  

The f ixed end p l a t e  is shown i n  Figure 48. 

mediate boundry conditions between the  following l i m i t s :  

The f ixed  end p l a t e  has i n t e r -  

Outer Edge a) Simply supported 

b) Fixed 

P la t e  Center a)  Ful l  p l a t e  

b) Hub configuration 

The following general  equations apply: 

fb  = MEQ (c/l) 

where, 

M =  
EQ1 

The primary 

the  various 
c 

I 

andM = K  M = K  P d  K1 'AX EQ2 2 o 2 R 

analysis  cons is t s  of  determining t h e  l i m i t  of K1 and K 2  fo r  
loading conditions above. 
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? ........................................................... ................................... ......................................... ............................................................ 

Figure 48 End Pla te  Configuration - D r u m  Fixed End 
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L 

Y 

Figure 49 End Plate Configuration - D r u m  Slide End 
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d 

l a )  Simply Supported 

2a) Ful l  P l a t e  

lb)  Fixed 

2b) Hub Configuration 

tla" Configuration i s  the  l e a s t  s t i f f  of t he  configurat ions,  and %11 has 
maximum s t i f f n e s s .  

M = P d = 530 (1.05 (1.05 + 1.5/2) = 954 in- lb  
0 r 

a] Hub Configuration 

1) Simply supported (outer  edge) 

Ref: (9) - Case 8, p ' s .  42, 61 

Dimension "btt is  taken t o  be 1 . 2  i n .  

a = r = 6.0 i n .  

a/b = 6.0/1.2 - 5.0 

For a x i a l l y  loaded p l a t e  

a t  t he  hub a t t ach  poin t  2 ' 2  fb = KSPAX/h = 6 M /h 
EQ 

K1 = K /6 S M = K  P /6 EQ1 S AX 
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K1 = 1.745/6 = 0.2908 - K, = 1.745 

For moment loading Ref: (10) P. 194 and 216 - Case 5 

fb = BMo/ahZ = 6M EQ2lh2 

b /a  = 1.2/6.0 = 0.20 

a t  hub a t t ach  poin t  

B = 3.27 

M 5 B M /6a = 3.27 Mo/6(6) = 0.09083 Mo 
EQ2 s o 

K2 = 0.09083 

2) Fixed Outer Edge 

(a) A t  hub a t t ach ,  axial Case 

M = K  P /6 EQ1 F AX 

KF = 1.13 

For Mo 

K1 = 1.13/6 

M EQ2 = BFMo/6a BF = 4 

6 - Ref: (9) 

'AX 

= 0,0188 

52 (Case 10) Ref: (10) 

M = 4.52 M /6 (6) = 0.1256 Mo EQ2 0 

K2 = 0.1256 

fb) A t  Outer Edge (a) due t o  PAX 

2 2 
fb = 3P/znh2[1 -2b Ln (a/b) / (a2 - b2)] = 6M EQ /h 

M' 

K; =[1 - (1.2 ) Ln (6.0/1.2)/(6.0 - 1.22)]  /4n 

2 
= (p/4n) 1 - 2b Ln (a/b) / (a2 - b2)]= K; PAX 

2 

EQ1 [ 
2 
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I. 

I 

K1 = 11 - (1.44) (1.609)/(34.56)] /4a = (1  - 0.06704)/~4 

I 

K,, = 0.07424 

(c) For Mo use  propor t iona l i ty  of K1/K2 ( inner) 

1 1  1 1 

K2 = K K / K  K 2 1  / K  = K2/K1 1 2 1  

I 

K2 = 0.07424 (0.1256)/(0.188) = 0.0496 

b.  Ful l  Plate Configuration 

1) Simply supported - outer  edge 

Ref: (10) - Case 3, p. 194 (m - l / p )  

2 - K /h2 = 6 M /h 
fb - 'AX S EQ 

p =  0.3 a = 6.0 b = 1 .2  

M = (PAX/4a) (1.0 - 0.3)/2 + (1 i 0.3) Rn 5.0 
2 2 

EQ1 
- (1 - 0.3) 1 . 2  / 2  (6.0 ) 

= (PAx/4a) [(0.70/2) + 1.3 (1.609) - (0.70/2) (1.44)/36.0] 

= PAX (0.35 + 2.0917 - 0 .0140) /4~  = 2.4277 PAX/4a 

M = 0.1932 PAX at centerline o f  p la te  K1 = .1932 
EQ1 

M = .09083 Mo Ref: p .  7.1-17, K 2  = .09083 
EQ2 
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2) Fixed Outer Edge - Ref: (10) Case 8,  p.  196 

= (PAX/88) ( 1  + 11) [ 2  Ln (a/b) + b2/a2 -11 
EQ1 

M' 

2 = (PAX/8n) (1.0 + 0.30) [ 2  Ln 5.0 + 1 . 2  /6.02 -11 
EQ1 

M 

M EQ1 F PAX (1.3) [ (2)(1.609) + 0.040 - l l / 8 1 ~  

= 0.0898 PAX K1 = 0.0898 
EQ1 

EQ2 

M 

I 

= 0.0496 Mo K2 = 0.0496 M 

3) A t  Outer Edge 

2 2  2 2 M' = (P AX /48) (1 - b / a  ) = PAX (1 - 1 . 2  /6.0 )/4n EQ1 

I 
= 0.96 P /4n = 0.07639 PAX K1 = 0.07639 

AX M' 
EQ1 

For Mo, use p ropor t iona l i t y  of  K1, K2 ( inner)  

I 1 

K2 = K1 K2/K1 = (.07639) (.0496/.0898) 

f 

K2 = .0422 

Moment of I n e r t i a  

2 2 I = 2Ad = 2t fd  

tc = 1.50 tf = 0.035 (center  s ec t ion )  

1 .5  + 2C0.035) 0.035 (1.5 + 0.035) 

C / I  = 1.57/.035 (1.535)2 = 19.038 a t  i nne r  s ec t ion  
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EQ 
f = M (c/I)  = 19.038 M 
b EQ 

fbl = 19.038 M = 19.038 (K1) PAX = 19.038 (1300) K1 = 24,749.4 K1 
EQ1 

= 19.038 M = 19.038 (K2) Mo = 19.038 (954) K2 = 18,162.3 K2 
fb 2 EQ1 

t = 0.025 a t  ou te r  s ec t ion  f For tc = 1.5 

c / I  = 1.55/0.025 (1.525)2 = 26.666 

EQ 
f = M ( c / I )  = 26.666 M 
b EQ 

Results o f  t h e  above equations a re  tabula ted  ?n Table 11. 

c. Honeycomb P l a t e  - S l i d e  End 

(PAX = 0) The only loading is  normal t o  t h e  hub 

(PR). The equations developed f o r  hub bending 

f o r  the  s l i d e  end w i l l  be considered appl icable  

with a 10% f a c t o r  added t o  account f o r  increased 

s t r e s s e s  due t o  cutout a t  cen te r  of p l a t e .  

The following equations a r e  appl icable .  

- 

d 

M = K K M = (1.10) K 2  (821.5) = 903.65 K2 EQ 2 0  

K (same as f o r  previous case) 2 

K = 1.10 (10% f a c t o r  f o r  cutout a t  cen te r l ine  o f  p l a t e )  

M = PRd = 530 (1.05 + 1.0/2) = 821.5 in - lb  
0 

2 
C / I  = ( t  + 2 t f ) / t f  ( t f  + t c )  C 
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Table 11 End Plate S t r e s s  Summary 

OUTER 
EDGE 

S.S. 

S.S. 

S.S.  

S.S. 

Fixed 

Fixed 

Fixed 

Fixed 

Fixed 

Fixed 

Fixed 

Fixed 

CENTER 
S ECT I ON 

Ful l  

Ful l  

Hub 

Hub 

Fu l l  

Fu l l  

Ful l  

Ful l  

Hub 

Hub 

Hub 

Hub 

- 
K - - 

K1 

K2 

K1 

K2 

K1 

K2 

Ki 
Ki 
K1 

K2 

K '  1 

K; 
- 

FIXED END - PLATE 

0.19320 

0.09083 

0.29080 

0.09083 

0.08980 

0.04960 

0.07639 

0.04220 

0.18800 

0.12560 

0.07424 

0.04960 

= 

= KM = 954 K2 

K1 PAX = 1300 K1 
EQ1 

EQ2 0 

"1 M 

M 

"1 
EQ 

M 

251.16 

86.65 

378.04 

86.65 

116.74 

47.32 

99.31 

40.26 

244.40 

119.82 

96.51 

47.32 

fb "2 

4 , 782 

1 , 650 

7,197 

1,650 

2 ,222  

90 1 

2,648 

1,074 

4 , 653 

2,281 

2 , 574 

1 , 262 

POINT 

Inner 

Inner 

Inner 

Inner 

Inner 

Inner 

Outer 

Out'er 

Inner 

Inner 

Outer 

Outer 

jLIDE END 

"3 
fb 

-- 

3,043 

-- 

3 , 043 

-- 

1 , 661 

-- 

1,414 

-- 

4,208 

-- 

1,662 

EQ2 

EQ2 

fb2 = 19.038 M EQ1' 

fiJl = 26.666 MiQ1,  fb2 = 26.666 M' 

"2 fbl = 19.038 M 

"3 fb = 33,501 K2 and 33,501 K; 
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t = 0.90 tf = 0.025 
C 

2 C / I  = [0.90 + 0.025 (2 ) ]  /0.025 (0.90 + 0.025) 

C / I  = 0.95/0.025625 = 37.073 

fb = (K K 2  MO) (C / I )  = K2 (1.1) (821.5) (37.073) = 35,501 K2 

Results a r e  tabula ted  i n  Table 11 f o r  t h e  two conditions:  a) simply 

supported ou te r  edge and b) f u l l  f ixed  o u t e r  edge. 

d. Fixed End 

M.S. = Ftu/fb -1 = 25,000/7197 - 1 High 

5 F = 25,000 p s i  f o r  10 cycles KT = 1.5  

Ref: (12) - Figure 3.3.1.6 
t Y  

Conclusions 

Table 11 shows t h e  maximum stresses a t  both t h e  inner  p l a t e  a rea  and t h e  

ou te r  a t t ach  boundary. None of t h e  s t r e s s e s  a r e  c r i t i ca l .  

were designed t o  give high dynamic s t i f f n e s s .  

a c t u a l l y  l e s s  than  t h e  maximum values given i n  the  t a b l e  s ince  t h e  boundary 

conditions are intermediate between t h e  simply supported and f ixed  condition. 

The end p l a t e s  

The end p l a t e  s t r e s s e s  a r e  

The s t r e s s e s  given i n  Table 11 a r e  f o r  t h e  dynamically decoupled condition of 

t h e  t h r e e  ax i s  dynamic loading. Not included, is t h e  one (1) g loading i n  

e a r t h  v e r t i c a l  plane. 

7.1.2 Wrap Drum 

The primary s t r e s s e s  i n  t h e  wrap drum are wall c r ipp l ing  s t r e s s e s  due t o  

a x i a l  loading d i r ec t ions .  Since i n  a po r t ion  of  t he  drum sk in ,  30% of t h e  

mater ia l  was removed due t o  l igh ten ing  holes ,  due allowance was made t o  cri-  

t i ca l  values t o  compensate f o r  t h e  removal of  mater ia l .  Attention i s  c a l l e d  

t o  t h e  in t roduct ion  of Section 7.1.1 f o r  a discussion of t h e  configuration t o  

be analyzed. 
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Axial Load (P ) 

P1 = PAX/vd = 1300 /~ (12)  = 34.48 l b / i n  

AX 

Bending Load (M ) 

L = Td (60/360) = vd/6 load is  assumed d i s t r i b u t e d  

0 

over 60' arc 

P2 = Mo/dL = 954/ [ ( 1 2 ) ~  (l2)/6] 

P2 = 12.653 l b / i n  M = P d  
0 r 

Drum s k i n  has 70% l igh ten ing  holes  .'. 

r P 

'AX 
___) 

M 

p2 

= 0.7 t = 0.7 (0.025) = 0.0175 i n .  eff t 

r/t = 6.0/0.0175 = 343 

L = 27 i n .  between support r ings  

Z = (L 2 /rt) (1 - p 2 ) l l 2  = 27 2 (1 - 0.32)1/2/(6) (0.0175) 

Z = 729 (0.9539)/0.105 = 6,623 

K = 1.3 (10 3 ) Ref: (14), p .  C8.4 Figure C8.2 c 
2 2 2  2 = KCv E t  / L  (12) (1 - ) FCCR 

= 0.0175 eff t = t  6 
Material Mag. E = 6.5 (10 ) 

FCCR = 1.3 (103).rr2 (6.5) lo6  (.0175)2/272 (12) (1  - 0.32) 

FCCR = 3,208 p s i  

f = P / t  = 34.48/0.0175 = 1970 p s i  L i m i t  cy 1 eff 
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f = 1.25 f = 1.25 (1970) = 2463 p s i  ultimate 
cu CY 

M.S. = F / f  -1 = 3208/2463 -1 = 0,30 (ul t imate)  CCR cu 

I 

The drum r a d i a l  loading i s  shown i n  Figure a) above. This loading i s  due t o  

t h e  s u b s t r a t e  and wrap dynamic o s c i l l a t i o n s  on t h e  drum. The predominant 

r a d i a l  mode is t h e  e l l i p t i c a l  mode shape as confirmed by Ryan tes ts .  

e l i p t i c a l  loading i n  Figure (a) has been idea l i zed  simply as shown i n  

Figure (b).  The loading of  configurat ion (b) i s  used f o r  ana lys i s  of  t h e  

drum intermediate  s t i f f e n e r s .  

The 

Loads - The t o t a l  sprung weight i n  t h e  r a d i a l  mode i s  as follows: 

1 )  Solar  ce l l  and e lec t r ica l  

Pounds 

41.366 

2) Panel assembly (port ion)  5.680 

Tota l  47.046 

The above weight i s  d i s t r i b u t e d  over  76.5 inches of drum length.  

w = W/L = 47.046/76.5 = 0.615 l b / i n  
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The t r a n s m i s s i b i l i t y  of  t h e  ou te r  wrap was found by tes t  t o  be (Q = 4.0). 

Since t h e  inner  wrap t r ansmiss ib l i t y  i s  approximately zero, t h e  average 

t r a n s m i s s i b i l i t i e s  f o r  a l l  wraps is taken t o  be (Q = 2.0).  

of t h e  sprung weight is effective i n  a given coordinate d i r ec t ion .  33% of 

the t o t a l  sprung weight i s  a l loca t ed  t o  be effect ive i n  each of t h e  d i rec-  

t i ons  i n  Figure (a ) .  

Only a f r a c t i o n  

= kaQw = 0.33 (4) (4) (0.615) 2 3.26 lb / in .  PT 

p1 = pT/2 = 3.26/2 = 1.63 lb / in .  

1 

p2 = p2 + pT/4 = 3.26/4 = 0.815 lb / in .  

The d is tance  between drum frames i s  27.0 inches.  

P = p L = 1.63 (27) = 44.01 lb .  l i m i t  1 1 

1 1 

P2 = p2 = PIL  = .815 (27) = 22.01 lb .  l i m i t  

PN2 = P1 + 2P2 COS 30" = 44.01 + 2 (22.01) (0.866) = 82.12 

For a 

a. 

given load P i n  a r i n g  where r/t  is la rge  

M = P r  (Sin 0 / 2  -0.3183) 

Sin 8 = 0 - 1 0 = o  P = P  1 

M = -0.3183 P r 1 1 

Sin  e = 1 / 2  2 e2 = 30' P = P  

M 2  = P r (0.25 -0.3183) 

M 2  = -0.0683 P r 

2 

2 
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I I 

Sin 60" = 0.866 2 e2 = 330" P = P  

I 1 

M2 = P a r  (0.433 -0.3183) 
1 

= 0.1147 P 2 r  = 0.1147 P 2 r  

EMa = r (0.0464 P2 - 0.3183 P1) 

b.  (Point "b") 

el  = 90 Sin  8 = 1.0 

M1 = P l r  (0.50 - 0.3183) = 0.1817 Plr 

e 2  = 60" S in  e = 0.866 

M2 = P 2 r  (0.433 - 0.3183) = 0.1142 P 2 r  

I 

e 2  = 120" Sin 0 = 0.866 

I 

M 2  = 0.1147 P 2 r  

x% =EM = r (0.1817 P + 0.2294 P2) 1 

P1 = 44.01 For r = 5.7915 P2 = 22.01 lb .  

MA = 5.7915 c0.0464 (22.01) - 0.3183 (44.01)] = -75.215 in . - lb+ 

MB = 5.7912 c(0.1817) 44.01 + (0.2294) (22.01)] = +75.554 in . - lb .  
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fb = P/A MC/I  P - PN 

A t  po in t  b y  

fb2 = -82.12/2.385t - 75.554 (0.5265)/0.1778t 

= (-34.432 - 223.730)/t = -258.162/t 

For t = 0.025, 

fb2 = 10,500 p s i  l i m i t ,  compression ( inner  f lange)  

b / t  = (0.30 - 0.025)/0.025 = 11.0 

Fcr = 17,000 Fkf: (16) -SM110 

M.S. F / f  - 1 = 17,000/1.25(10.326) - 1 = 0 cr  b2u 

Note 

For ou te r  s k i n  stresses 

Since s k i n  is  0.025, use  0.Q28 r ing  f o r  h igher  r i v  

( P t .  A ) ,  

35 

t values.  

fc  MC/I = -75.215 (0.2085)/(0.1778t) 

f = 3528 p s i  l i m i t  
C 

Ef fec t ive  width of sk in :  

w = 0.85tdf c - 

= 0.85 (0.025 .5 (10 6 )/3228(1.25) 

= 0.853 inch, each s i d e  o f  r i v e t  
l i n e  

.735 (3) 
= 2 (w) = 2 (0.853) 

eff w 

--i.3ot- 
= 1.706 inch (Adequate) 
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Moment of  i n e r t i a  

= 1.00 i n .  assumed eff w 

h A d Ad 

-- -- t 0.275t 

0.735 0.735t 0.3675 0.2701t 

t 0.375t 0.700 0.2625t 

t '  1. O O O t  0.723 0.723t 

2.385t 1.2556t 

0 
Ad2 I 

-- -- 

0.09927t 0.03309t 

0.18375t -- 

0.52272t -- 

0.80574t 0.03309t 

1 

2 

3 

4 

- 
x = 2Ad/2A= 1.2556t/2.385t = 0.5265 i n .  = C 

b 

0.275 

t 

0.375 

1.000 

= 0.80574t + 0.03309t - (0.5265) (1.2556t) INA 

INA = 0.1778t 

C '  = 0.735 - x =  0.735 -0.5265 = 0.2085 i n .  

7.1.3 Spacecraf t  Mount 

The aluminum mount is  designed pr imari ly  f o r  s u f f i c i e n t  r i g i d i t y  t o  prevent 

modal coupling with t h e  stowed panel c r i t i c a l  s inusoida l  v ib ra t ion  resonance 

(30 Hz) if exci ted ,  normal t o  t h e  drum axis,  during launch v ibra t ion .  

Dynamic ana lys i s  presented i n  Reference 1 showed t h a t  t he  spacecraf t  mount 

na tu ra l  frequency meets t h i s  requirement o f  z 150 Hz s e t  by Ryan i n  t h e  

t rade-off  study phase. This assures  the  t r a n s m i s s i b i l i t i e s  through t h e  

spacecraf t  mount a t  t h e  c r i t i ca l  panel mode t o  be 1 t o  1. 

was based on f u l l  load reac t ion  capaci ty  between t h e  spacecraf t  mount and 

space frame. Since provis ions have been made i n  t h e  f i n a l i z e d  design f o r  

a thermal s l i p  j o i n t  a t  one mount-space vehic le  i n t e r f ace ,  t h e  mount design 

That ana lys i s  

i 
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was a l t e r e d  t o  react a l l  load exc i ted  i n  the  drum axis d i r ec t ion  a t  one 

mount only; dynamic ana lys i s  of t h i s  f i n a l  mount configurat ion is given i n  

Section 7.2.1. 

S t r e s s  ana lys i s  performed on the  f i n a l i z e d  design i s  presented i n  t h i s  sec- 

t ion .  

condition when the  mount resonance o f  238 Hz is exc i ted  a t  4g (Pk) s inusoidal  

exc i t a t ion .  A t r a n s m i s s i b i l i t y  o f  5 t o  1 i n  t h e  drum axis d i r ec t ion  and 4 t o  

1 i n  t h e  two orthogonal axes was used t o  determine t h e  loads f o r  t h i s  condi- 

t i o n .  Analysis presented here  is  conservative by assuming t h a t  t h e  s inusoi-  

d a l  exc i t a t ions  i n  t h e  drum axis d i r ec t ion  and t h e  two orthogonal ax i s  

d i r ec t ions  occur simultaneously a t  t he  spacecraft mount resonances i n  t h e  

respec t ive  d i r ec t ions .  Under ac tua l  t e s t  q u a l i f i c a t i o n  condi t ions,  s inusoidal  

exc i t a t ions  w i l l  e x i s t  i n  only one d i r ec t ion  a t  a time. 

Pos i t i ve  margins of  s a f e t y  are shown f o r  t h e  more c r i t i c a l  mount stress 

a. Fixed End 

ox I +'F 

The loads f o r  t h e  above mount were developed i n  pages 7.1-41 t o  7.1-44 f o r  

point  I'O". Two c r i t i ca l  cases are given i n  the  following t a b l e .  
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ox M 

M 
OY 

0 2  
M 

pox 

P 
OY 

oz P 

A 

+2416 

-321 

+4168 

+548 

- 1543 

+578 

~ 

B 

+4817 

+3301 

- 1903 

+170 

+lo39 

+5 78 

C 

- 142 

-321 

-2004 

+548 

+ E 4 3  

+578 

Signs are given f o r  a given se t  

o f  condi t ions.  

reversed simultaneously. 

A l l  s igns  may be 

1) Shear S t r e s ses  Web "Arf. Shear loading is reduced by the  load 

taken out  i n  t h e  braces  i n  proport ion t o  t h e  spr ing  constants .  

Ref: p .  7.2-5 

(a) Direct Shear 

F = F K u / X K  = F (686,012/730,959) = 0.939 F 
S OY OY OY 

= F s / 2 t L  = 0.939, F / 2  (.OS) (12.52) = 0.750 F 
fS1  OY OY 

(b) Torsion q = T/2A 

T = M + Foz (4.35 -6.75/2) = Mox + 0.975 Foz ox 

fs2 = q / t  = T/2At = (M + 0.975 Fez)/ 

(6.75) (4.25) (0.05) (2) 

ox 

fs2 = 0.3486 (Mox + 0.975 Foz) 

2) Bending S t r e s ses .  Assuming f u l l  effective width of  sk in ,  Ref: 

7.1-31 

Ref: pages 7.2-8, 9.  

and braces  e f f e c t i v e  i n  proport ion t o  spr ing  rates,  

7.1-30 



(a) Y-Axis - Kef: 7.2-9,lO 

+ 7.2 FOz)(192, 758) /293,299 
@OY 

+ 7.2 Fo,) K /XK = 
Y 

M = 0.792 M + 5.704 Foz Kef: p.  7.1-31 

M = (May Y 

Y OY 

f = M C / I  = M [ 4.25/2 (4.9221)] = (0.792 M 
by Y Y OY 

+ 5.704 Foz) (0.4317) 

(b) Z-Axis Bending Spring Rates - Ref: p .  7.2-5 

0 2  OY OY 
M Z  = (M - 7.2 F ) KZ/ZK = (Moz - 7.2 F )(686,012)/730,959 

M Z  = 0.939 M - 6.761 F 
0 2  OY 

fbz = M Z  (C/I) = 0.481 (0.939 Moz - 6.761 F ) Ref: p .  7.1-32 
OY 

I - f u l l  e f f ec t ive  width of sk in  -8.0 i n ,  
Y 

I = 3 (4.25)3 (0.04]/12 
Y 

2 + 2 (8.0) (0.05) (4.25/2) 

+ (2) (3) (0.5) (0.04) (4.25/2)2 

I = 0.7677 + 3.6125 +0.5419 
Y 

4 I = 4.9221 i n .  
Y 

c = 4.25/2 = 2 .13  i n .  
Y 

Y - 
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About Zo Axis: 

- 
:le- 
nen 

1 

2 

3 

4 

5 

6 

7 

- 

- 

b 

2.125 

0.040 

2.125 

0.040 

2.125 

0.040 

0.050 

h 

0.040 

0.500 

0.040 

0.500 

0.040 

0.500 

8.0 

A 

0.085 

0.020 

0.085 

0.020 

0.085 

0.020 

0.400 

0.715 

d 

6.02 

0.25 

4.32 

4.55 

6.32 

6.55 

4.00 

Ad 

0.0017 

0.0050 

0.3672 

0.0910 

0.5372 

0.1310 

1.60000 

2.7331 

= C Ad/C A = 2.7331/0.715 = 3.8225 i n .  

= 2 c12.65478 -I- 2.13459 - 3.8225 (2.7331)] 

= 2 (4.3421) = 8.6842 

INA 

C = 8.0 - 7 = 8.0 - 3.8225 = 4.1775 U 

cu/I  = 4.1775/8.6842 = 0.481 

2 At = 2 (0.715) = 1.430 i n .  

I 
Ad2 ! Io 

0.00003 -- 

0.00125 0.00042 

1.58630 -- 

0.41405 0.00042 

3.39510 -- 

0.85805 0.00042 

6.40000 

Direct S t r e s ses  - Ref: p. 7.1-32 

fc = P/A = Fox/A = Fox/1.430 = 0.700 Fox 

Results o f  t h e  previous equations are t abu la t ed  i n  Table 1 2 .  
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i 

Cri t ica l  Shear S t r e s s  (edges between clamped and simply supported) 

a/b = 4.5/(4.5/2) = 2.0 

K = 9.0 R e f :  (14) p. c5.7 s 

= IT 2 KSE ( t / t 1 )~ /12 (1  - p 2 1 a Ks? C10.3) (10 6 1 {0.05)2/ 
Fscr 

(2.25)2 (12)(.9) 

6 
= 0.25908 (10 ) Ks/54.675 = 4739 Ks = 42,651 p s i  Fs cr 

Critical Compressive S t r e s s :  

a/b = 2.0 K = 6.0 Ref: (14) p. C5.2 
C 

For edges between clamped and simply supported, 

2 2 2 = 71 KcE ( t /b )  /12(1 - 1-1 ) = 4739 Kc = 28,434 c c r  F 

The above s t r e s s e s  are tabula ted  i n  Table 1 2 .  

From Load Case "A" 

- = 2,196/42,651 = 0.052 l i m i t  Rs - fs'Fscr 

R = f / F  = 8562/28,434 = 0.301 l i m i t  c ccr 

M.S. = l / (Rs++  Rc)[1.25) - 1 (ul t imate  cr ippl ing)  High - 
Loads appl ied independently, but  increased by r a t i o  o f  83/(4.0)(5.0) 

i n  Y d i r ec t ion  and 83/(4.0)(4.0) i n  X and 2 d i rec t ion ,  R e f :  p .  7.1-29 

"Ytt d i rec t ion ,  Fx and EZ = 0 Ref: p .  7.1-34 

= (83/20) [ 1175 + 0 1  = 4876 ps i  
f S = f  s l  + f s 2  
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STRESS 
LOAD 

A 

f 

C f  

B 

f 

Z f  

C 

f 

Z f  

Table 1 2  Mount Stress Summary - Fixed End 

fsl  

M + .975 Foz ox .939 F 
OY 

-1449 l b s  +2980 l b s  

1157 p s i  1039 p s i  

fs = 2196 

+976 l b s  +5381 l b s  

780 p s i  1876 lbs/ ini  

fs = 2656 

1157 p s i  I 147 lbs/in2 

fs = 1304 

f 
by 

.792 M 

+5.704 Foz 
OY 

+3043 

-1314 

f = f  

F 

fb 2 C X 

ox oz .939 M 

-6.761 F 
OY 

-6900 I -348 I 
fc = 8562 p s i  

+5911 -8812 +170 

-2552 -4239 -119 

f = 6910 p s i  

+3043 -12,314 

-1314 -5923 

fc  = 7585 p s i  
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F = 42,651 t = 0.050 s cr 

= 7004 (83/20) = 29,067 fb z 

= 28,434 t = 0.050 ecr F 

Increasing t t o  0.065 

= 42,651 (65/50)2 = 72,080 Use F = 36,000 
s cr S Y  

2 

F 

= 29,067 (65/50) = 49,123 Fccr 

R = 4876/36,000 = 0.135 
S 

Rc = 29,067/49,123 = 0.592 

M.S. = 1/(1.25) (Rs+ Rc) -1 

= 1/(1.25) (0.607) -1 = 0.32 

U 

- 

% increase  of material 0.065/0.050 -1 = 30% 

Use 25% s ince  margin i s  high and not  a l l  mount elements need be 

increased.  

Tubular Braces 

Brace 0 '  - a P i s  proport ional  t o  spr ing  rate 

Y P1 = 1.220 P (0.50) = 0.61 P Ref: p. 7.2-3 
OY OY 

Z P = 2.073 P (0.05) = 1.039 Poz R e f :  p. 7.2-8 
2 o z  

Note K/CK = 0.50 has been conservat ively assumed t o  account f o r  s o f t -  

ness t h a t  could e x i s t  i n  t he  missile subs t ruc ture .  
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P = P1 + P = 0.61 P + 1.039 Poz 
2 OY 

= 578 l b .  Ref: p.  7.1-29, 30 poz P = 1543 lb.  
OY 

P = (0.61) 1543 + 1.039 (578) = 1542 lb .  l i m i t  

Tube 1.0 diameter - 0.049 I = 0.016594 A = 0.1464 

6 = 10.3 (10 ), 7079 A1 
EC 

L = 11.35 Ref:p.  7.2-2 

P = .rr2 E I / L 2  = 71' (10.3) (10 6 ) (0.016594)/(11.35)2 c r  

P = 13,095 l b .  cr 

fc  = P/A = 1542/0.1464 = 10,533 p s i  l i m i t  

Fccr = KET/R = .3  (10.3) (10 6 ) (0.049)/0.5 local c r ipp l ing  

= 302,282 p s i  Fccr 

M.S. = Fcy/fc -1 High 

The above tubing s i z e s  were se l ec t ed  f o r  spr ing  ra te .  

Lugs - Brace Ends 

P = 1542 lb .  Ref: Above ( l imi t )  

A l u m  7075, Ftu = 75 ksi assume K = 0.92 lug t 

At = P / K  F = 1542 (l.25)/0.92(75,000) (2) u t t u  

7.1-36 
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t a W 

0.050 0.140 0.560 

0.075 0.011 0.500 

0.100 0.070 0.420 

- 

w = 2a + d = 2a + 0.28 (0.28) diameter includes bushing 

allowances p e r  two lug clevis  
Use w = 0.600 and t = 0.08 

w / D  = 0.60/.28 = 2.14 

K = 0.95 R e f :  (14) p .  D1.7 t 

= K F A = 0.95 (75,000) (0.08) (0.60 - 0.28) pu t t u  t 

P = 1824 lb .  ul t imate/ lug 
U 

Shear Tear Out 

e/D = 0.60/2(0.28) = 1.07 D / t  = 0.28/0.09 = 3.11 

KbrU = 0.80 

= 0.80 (75,000) (0.08) (0.28) = 1344 lbs . / lug  - 
'bru - Kbrm F t u  %r 

= 0.93 
K b r Y  

t / d  = 0.08/0.28 = 0.29 

- = 0.93 (62,000) (0.08) (0.28) = 1291 lbs .  u l t .  P brY - Kbry F ty  %r 

M.S. = P / P  - 1 = (2) (1291)/1542 = 0.67 
bry 

Bolt Shear, Consider No. 10- 0.188 Hueks, e i t h e r  Alum or Ti .  

[F  = 1270 lbs .  SSH (Al) ; Fs = 2690 SSH (Ti) ; R e f :  15(Hi Shear Manual)] 
S 
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Lug - Mount End, Magnesium 

= 33 k s i  F = 2 1  k s i  
F t u  t Y  

Lug s i ze  K = 0.5 assumed t 

At = PU/Kt Ftu = 1.25 (1542)/0.5(33,000) 

At = .117 

a t  = At/2 a = 0.059/t f o r ,  

t = 0.25 a = 0.236 w = 752 

Use t = 0.26 w = 0.70 

K = 0.55 t 
W/D = 0.70/0.28 = 2.50 

P = K F A = 0.55 (33,000) (0.26) (0.70 - 0.28) u t t u t  

Pu = 1981 lbs .  

Shear Tear Out 

e / D  = 0.70/2(0.28) 

'b ru - Kbry Fty  Abr 

'b r u  

- 

= 2999 lbs .  

t / D  = 0.26/0.28 = 0 

brY = Kbry F ty  %r 

P = 1835 lbs .  
bry 

= 1.25 Kbru = 1.25 

= 1.25 (33,000) (0.26) (0.28) 

= 1.20 93 Kbry 

= 1 . 2  (21,000) (0.26) (.028) 



M.S. = Pu/P -1 = 1981/1.25(1542) -1 = 0.03 (ult imate) - 
Curves are known t o  b e  conservative i n  y i e l d .  

b.  S l ide  End 

F = O  Loads Ref: p.  7.2 - 1 
QY 

* ** 
+1134 +1134 M 

M -321 +3301 

M 

ox 

OY 

+lo82 +175 

+548 +170 

+578 +578 

0 2  

Fox 

FO z 

* Condition A and B ** Condition C 

The stresses are ca lcu la ted  t h e  same as f o r  t he  f ixed  end with t h e  

exception t h a t  t h e  thickness ,  t ,  has been reduced and F = 0 
OY 

t = 0.032 tf = Q.05 tf/tsL = 1.56 SL 

Resul ts  of stresses f o r  t h e  above loads are tabula ted  i n  Table 13, 
and were computed t h e  same as the  stresses on p .  7.1-34, equations 

p .  7.1-30 through 31 modified by t h e  f a c t o r  f /t = 1.56 increase.  f SL 

Crit ical  Shear S t r e s s  

a = 5.3 b = 2.35 t = 0.028 

a/b = 5.3/2.35 = 2.26 

K = 9.0 R e f :  (14) p. C5.6 
S 
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F = T 2 K E (t/b)2/12{1 - 1.1 2 ) = .rr2 K (10.5) lo6 (0.028)2/ 
S S s c r  

2.  3S211O. 8) 

F = 0.081247 (10 6 ) Ks/59.643 = 12,259 p s i  scr 

Cr i t ica l  Compressive S t r e s s  

K = 7.0 
C 

6 = (7.0) (0.081247) 10 /59.643 = 9536 p s i  Fccr 

-1 = 9536/1.25 (4290) -1 Fccr/fcu M.S. = 

M.S. = High 

Table 13 Mount S t r e s s  Summary - S l i d e  End 

.939 F 
STRESS OY 

LOAD 

A F T B  0 

f 0 

f = f  X 
f s 2  by fb z C 

f 

ox .792 M + .939 Moz F 
oz OY 

M + .975 F ox 
5.704 Foz 

1698 +3043 +lo16 +548 

923 - 2049 - 762 -598 

-3409 
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Fo --B 1 .40 +F 
Y 

p-4.00-7 

F' I 
SH 

? 

Figure 50 Support F i t t i n g  - Beam Guide Sleeve 
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W = 6.308 lbs .  Tota l  d r i v e  system weight assumed ac t ing  a t  one end. a 

a = 4.0 g ' s  0 - Pk Q,, = 10.0 

F = (aQ) Wa = 40.0 ( 6 . 3 0 8 )  = 252.32 lb s .  l i m i t  a 

Acting i n  t h e  drum and dr iveshaf t  d i rec t ions  

F = F = (0.75) Faax = 0.75 (252.32) = 189.24 l b s .  ax ay 

W = 64.544 lbs .  R e f :  p .  7.1-2 Q = 5.0 f 

The e n t i r e  axial  load i s  taken a t  f ixed  end 

Ff = aQW, = (4.0) (5.0) (64.544) = 1291 l b s .  l i m i t  

= 359 lbs .  F = 389 l b s .  Ref: p .  7.1-6 
Ffx f Y  

I I 

cFb + Fe) 4-95 = -F  (7.10) + F (2.0) + Ffx (3.4) + F (1.05) 
E MBC, ax aY f Y  

F i  = F 1 =  [(7.10 + 2.0) 189.24 + 3.4 (359) + 389 (1.05)] 2 (4.95) 
e 

l f 

F = F = 3351/9.9 = 339 lbs .  d e  

I 1  I 1  

Fc = Fd ZG(o.4) (189.24) +2.0 (252.32 t. 1291) +0.3 (359)] / 2  (4) 

I 1  1 1  

F 2 Fd = 3270/8.0 = 409 lbs .  l i m i t  
C 

I I 

(Fb + Fc) (4.95) = Fax (12.05) + F (2.0) + Ffx (1.55) + F (2.0) '*de, aY fY 

FL = FL = c189.24 (12.05 + 2.0) + 1.55 (359) + 2.0 (389)]/2 (4.95) 

1 1 

F = F = 3993/9.9 = 403 lbs .  l i m i t  b c  
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I t  1 1  

Fb = Fe = [4-4 (189.24) + 2.0 (252.32 + 1291) + 3.75 (359)) /8.0 

11 11 

Fb = Fe = 510218.0 = 638 lbs .  l i m i t  

The above effect ive moments were combined t o  give t h e  maximum loading on b o l t  

reac t ions .  

Z Normal Attach forces  (Tension Compression) 

t I 1  

F = K (Fb + Fb) = (1.10) (403 + 638) = 1145 lbs .  l i m i t  (maximum) b 

I I t  

Fc = K (Fc + Fc) = (1.10) (403 + 409) = 893 lbs .  l i m i t  (maximum) 

1 1 1  

F = K (Fd + Fd) = (1.10) (339 .t 409) = 823 lbs .  l i m i t  (maximum) d 

t 11 

= K ( F ~  + F ~ )  = (1.10) (339 + 638) = 1075 Ibs. l i m i t  (maximum) Fe 

K = 1.10 was used t o  account f o r  reac t ion  redundancy s ince  reac t ions  

are s t a t i c a l l y  indeterminant shear reac t ions .  

1 

= ZFZ/4 = (252 + 1291)/4 = 386 lbs .  
=FO, Fsh 

(4) (2.0 tt 2.48) Fsh = -F (9.58) + F (2.4) 
=MO, az aY 

+ Ffax fY 
1.93) + F (1.75) 

I t  

= [9S8 (252.32) + (2.4) (189.24) + (fl.93) (1291) Fsh 

+ 1.75 (389)] /12.744 

1 1  t I 1  

- = 759 lbs .  (cons.) Fsh - Fsh + Fsh Fsh = 373 lbs .  

= Fcs = Fds + Fes = 1.10 (Fsh) = 1.10 (759) = 410 lbs .  l i m i t  Fb s 
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About Point rrOrl 

CM = - F  (9.85) + F (2.4) + Ffz (.93) + (1.75) F 
ox az aY f Y  

CM = - F  (2.0) + Fax (2.4) = Ffz  (2.0) + Ffx (1.75) 
OY az  

fY 
EM = +F (9.58) + F (2.0) - Ffx (.93) - 2.0 F 

oz ax aY 

- 
Fox - Fax + Ffx 

Z F  = F  + F  
OY aY f Y  

+ Ffz Z : F  = F  oz a z  

The above moments and forces  are tabula ted  below, f o r  2 d i rec t ions  of 

dynamic load t h a t  give c r i t i c a l  load (maximum) condi t ions.  

Ref: Equations above - 

- 
Fax 

Ffx  

F 

F 
aY 

f Y  

Faz 

F f z  - 

ox + 189 M 

+ 359 M 

+ 189 

+ 389 

+ 252 

OY 

Moz 

Fox 

Foy 

Mo, Fo 

- 147 

- 2004 

- 3 2 1  

+ 548 

+ 578 

- 

+ 1543 

dY 
F 

+ 189 

+ 359 

+ 189 

+ 389 

- 252 

- 1291 

Mo ,Fo 

+ 2416 

+ 4168 

- 321 

+ 548 

+ 578 - 
- 1543 - 

dY 
F 

189 

+ 359 

+ 189 

+ 389 

- 252 

+ 1291 

Mo Fo 

+ 4817 - 
- 1903 

+ 3301 

+ 170 

+ 578 

+ 1039 

- 

Maximum values above are: ( l imi t )  

= 2 4817 in . - lb .  M = 2 4186 in . - lb .  M = ? 3352 in . - lb .  
OY 02  

= k 548 lbs .  F = 5 578 lbs .  Foz = 2 1543 lbs .  
FOX OY 

s/c* 
:oordi 
iates 

Moz 

M 

F 
OY 

ox 

F 
OY 
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These are t h e  actual spacecraf t  coordinate d i r ec t ions ,  which are 

converted f o r  use i n  t h e  mount stress ana lys is .  

x 

A t  t he  s l i d e  f i t t i n g  end F and F = 0 with only F and F act ing.  Cri t ical  

conditions are tabula ted  below: 
f z  X Y az 

7 .2  DYNAMIC ANALYSIS 

Dynamic ana lys i s  was performed on major weight cont r ibu t ing  components of  t he  

panel t o  assure  t h a t  supporting s t r u c t u r e ,  such as t h e  spacecraf t  mount and 

wrap drum end p l a t e s ,  would be s u f f i c i e n t l y  r i g i d  t o  minimize s inusoida l  

launch exc i t a t ions  t o  t h e  stowed panel;  t o  effect  t h i s ,  a decoupled condi t ion 

must ex i s t  between t h e  stowed panel and wrap drum modes and the  supporting 

s t r u c t u r e s .  Also, d e t a i l e d  dynamic ana lys i s  of t he  deployed panel modes were 

made t o  show compliance with the  J P L  Spec i f ica t ion  requirement o f  > - 0.04 Hz.  

Analysis has been based on nominal drawing shee t  thicknesses  and dimensions. 

Ambient room temperature condi t ions are considered t o  e x i s t  during launch and 

were the re fo re  used f o r  ana lys i s  of  a l l  but t h e  deployed panel,  which modes 

would be exc i ted  only i n  space. Temperatures used i n  t h e  deployed panel 

ana lys i s  are 358'F f o r  t h e  deployment 

(see Sect ion 2.5.1.2)  f o r  t h e  maximum 

J P L  Spec i f ica t ion .  

beams, determined by thermal ana lys i s  

hea t  f l u x  of 260 mw/cm given i n  t h e  2 

7.2-1 



7.2.1 Spacecraft  Mount 

7.2.1.1 Drum Axial Direction S t i f fnes s  

The dynamic analysis  takes  i n t o  account t h a t  a l l  the  ax ia l  load is  reacted a t  

one end. The mount was analyzed i n  two d i r ec t ions  - t he  drum axial d i rec t ion  

and the  mount normal d i r ec t ion  (spacecraft  t h r u s t  d i r ec t ion ) .  

a = 4 5 O  

Tan al = 5.1/6.2 

Tan a1 = .82258 

= 39' 26.4' al 

'\F 
8 e - B  I +Y 

I 
- 46-1 
/ I  I 

I 

Brace "AQ" 45O i n  t r u e  plane 

h '  = ( 2  [(5.0 + . 1 )2  -+ (6.3 - . l)'] ' = 11.3534 in .  

I' 

h = (5.0 + . l )  + (6.3 - -1)  = 8.028 i n .  

C r i t i c a l  load conditions a t  P t  "0" are Ref: p .  7.1-44. 

i 
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M 
OY 

A B 

- 2416 + 4817 

- 321 + 3301 

R e f :  p .  7.2-3, 7.3-6 

FOX 

FOZ 

F 
OY 

+ 548 

- 1543 

+ 578 

 moll, P = P (7.3/6.3) = 1.16 P 
Y OY OY 

+ 4168 
oz M 

B 

+ 170 

+ 1039 

+ 578 - 1903 

D r u m  Axial Load (F ) :  Loading i n  Braces 
OY 

1 

a. Brace A 0  - Y Direct ion Loading i n  Plane of  Mount (Figure (a) 

I 1 1 (4 P = P /Sin a2  = P (1.57413) 
Y Y 

In plane of brace a = 45" 3 

I I 

Pa = P /COS a = (P )(1.57413) (1.4142) 
Y 

P = 2.226 P N P1 
a Y 

0' / 

*P = 1.16 P REF: p 7.2-2 
Y OY 

I 

b. Brace BO 

I 1  
2 *P = 1.16 P Ref: p.  7.2-3 pb = P /Sin 45" = 2.0 P 

1 1  

OY Y -  Y Y 

I I 1  

P + P = P = 1.16 P 
Y Y Y  OY 

Proportioning P i n  Proportion t o  S t i f fnes s  above, 
OY 

I 
P = P (2.0)/(2.0 + 2.226) = 0.473 P Y Y  OY 

I t  
P = P (2.226)/(4.226) = 0.527 P 

Y Y  OY 
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I * 1 
P = 2.226 P = 2.226 (0.473) P = 1.053 P = 1 . 2 2  P = P1 
a Y Y Y QY 

1 1  

P = 2.00 P = 2.0 (.527) P = 1.054 P = 1 .22  P = P2 
b Y Y Y OY 

In Brace A 0  

Pad = P /Tan a2  = P Cot a = P1 1.2157 - P3 Y Y 2 

UT = (P 2 L/2AE) + (P2 L/2AE)2 + (P2 L/2AE)3 
1 

L1 = 11.5 L2 = 10.5 A1 = A2 = 0.1464 1.0 diameter x 0.049 

L3 = 6.0 6 E = 10.5 (10 ) A l u m .  7079 

2 A3 = 2 (.05) (5.0) + 2 (0.04) (3.9 + 1.0) = 0.892 in .  

2 UT = (1.22) P (11.5)/2(0.1464) (10.5) [lo6) 
OY 

+ (1.22)2 P2 
OY 

+ (1.2157)2 P 

(10.5)/2(0.1464) (10.5') (lo6) 

(6.0)/2(0.892) (10.5) (lo6) 
OY 

A = dU/dP 

A = [P /10.5 (lo')] (17.1166/0.1464 + 15,6282/0.1464 + 8.868/0.892) 

Y OY 

Y OY 

6 A = 233.609 P /10.5 (10 ) 
Y OY 

6 KT = P/A = 10.5 (10 )/233.609 = 44,947 lb . / in .  

Note: Braces were assumed t o  be f u l l y  e f f e c t i v e  i n  axial  d i r ec t ion  because o f  

mount shape, s ince  any kick-up forces  and def lec t ions  are r e s t r i c t e d  

by 3rd brace as w e l l  as braces  OA and OB counteract ing kick-up 

def lec t ions .  
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A l a X  = hy = PSh/2tLG IY = f s / G )  

r 

The e n t i r e  length of  shear  panel i s  assumed t o  be e f f ec t ive  s ince  t h e  shape 

of  t h e  mount allows shear  panel end reac t ions  t o  car ry  around the  corner.  

The above shear  panel def lec t ion  must be combined with the  support  f i t t i n g  

de f l ec t ion .  

6 K = P/A = 10 /1.4577 = 686,012 lb . / i n .  
S 

For Shear Panel and Truss Only 

K = K t  + K 

Support F i t t i n g :  

= 44,947 + 686,012 = 730,959 lb./in. 
S 

3.9 Fa = 2.0 Pax 

F = 0.513 Pax a 

F = -0.513 P b ax 

Ab = PL/AE 

a = 2 w t + 4.9 t2 b eff 1 

Ab = 2 (1.0) (0.05) + 4 

Ab = 0.296 

9 (0.04) 
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E = 10.5 

L = 7.3 

a = P  b ax 

Ab = P ax 

(7.3)/(0.296) 10.5 ( lo6)  

2 .  349/106 

1 Weff I_ 
/ t = .  

SECTION " AA" 
A t  Point "A" t he  Deflection i s  a Result of 

1 

1)  Axial load i n  member (A-A ) 

2) Bending i n  beam (BAC) 

3) Shear deformation i n  panel @and 

@ i n  d i r ec t ion  of F a 

1) Axial Loading 

(equal t o  A b ,  above) 6 
Aal = 2.349 Pax/10 

t = .  

- 

05 

04 
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2 2 3 L - a ) F / 2 L  I$, = (3a a 
I 

L = 6.3  i n .  a = 2.0 i n .  b = 6.0 - 2.0 = 4.3  i n .  

3 (2.0) 2 (6.3) - (2.0)3] F /2 (6.3)3 = 67.6 Fa/500.094 
% =  [ a 

R,, = 0.1352 F = (0.1352) (.513) P = 0.06936 P a ax ax 

For x = b = 4 .3  i n .  

A a = [% (b3 - 3L2b) + 3 F a a2b]  /6EI 

0.06936 P (4.3)3 - 3 (6.3) ax 
+ 3 (0.513) Pax (2.0)2 4.3 1 /6EI 

A = (Pax/EIO) [- 29.9978 + 26.47083 /6 
a 

Equivalent rrIrr f o r  1-1/4 - 1-1/4 - 0 . 0 9 L  I = 0.033 

I = 21 = (2) (0.033) = 0.066 (2 angles) t 

6 E = 10.5 (10 ) 

- (3.527)/6 (10.5) (lo6) (0.066) 'a2 - 'ax 

Oa2 ax 
6 

= 0.8482 P /10 

6 6 
K2 = P/A = 10 /0.8482 = 1.1789 (10 ) l b . / i n .  

6 6 K1 = P/Aa = 10 /2.349 = 0.4258 (10 ) l b . / i n .  
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3) Panel Shear Deformation - This is  equivalent t o  a shear  l ag  s i t u a t i o n  

Aa3 = F kb/2tG - This equation is  based on b l  = b2, it w i l l  not  be  

i n  t o o  much e r r o r  t o  consider b = (b + b2)/2 = b 
a 

1 avg 

b = 5.3  b2  = 2.0  b = 3.65 1 

P 

= [Z (0.05) (4.0)/3.65 (10.5)] [1/3 (0.2961 

k2 = (2tG/bE) ( l / A a  + 1 /2  Ab) -c-- 

= 0.4/34.0326 = 0.01175 k = 0.1084 

A = (0.513 P / 2 )  (0.1084) (3.65)/2 (0.05) (4.0) lo6 ax 

6 = 0.203 P /0.8 (10 ) ‘a3 ax  

na3 = 0.2537 

6 6 K3 = P/A = (0.8) 10 /0.203 = 3.9414 (10 ) lb . / in .  

6 K = K1 + K2 + K a 3 = (0.4258 + 1.1789 + 3.9414) 10 

6 Ka = 5.5461 (10 ) 

A = P/K = Pax/5.5461 (10 6 ) a,, 
1 a 

6 = 0.1803 P /10 ‘a ax 

6 = ( A  + Ab) /L  
a 

6 = (0.1803 + 2.3490) PAx/10 (3 .9)  

6 
8 = 0.6485 P /10 ax 

6 A = R8 = (2.0) (0.6485) Pax/10 
2 cg 
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6 A = 1.2971 P /10 2cg ax 

A = b + A = (1.4577 + 1.2971) Pa/106 cg l cg  2cg 

6 A = 2.7548 P /10 
cg ax 

6 I$, = P/A = 10 /2.7548 = 363,003 l b . / i n .  

K = K + I$, = 44,947 + 363,003 = 407,950 lb . / i n .  Ref: p .  7.2-4 
cg t 

fn = . \ IKg/W/2n = 4(407,950) (386.1)/75 / 2 ~ r  

fn = (10 3 /2n) (2.10013)' 

f = 230.6 HZ n 

7.2.1.2 Spacecraf t  Thrust  Direct ion 

P = 1.16 P 
oz R e f :  p .  7.2-2 

a.  Member AB i s  Assumed Pinned 

d = 8.0281+ 6.2 = 10.1435 1 

d = 5.1 t t 6 . 2  = 64.4;' = 8.0281 3 

dl ++ d3 = 6.2 ++ 5 .1  + 8.0281 = 11.3534 

P = P/Sin a l  = P 10.1435/8.0281 
1 

P = P /Sin 01 = P1 (11.3534/8.0281) 

2 

b 1 2 

Pb = P (10.1435) (11.3534)/(8.0281) 

P = 1.7869 P = 2.0728 Poz b 

A 
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P2 = P (6.2/8.0281) = 0.7723 P = .8959 Poz 

1.04 - 0.049 Ref: p .  7.2-4 2 A1 = 0.1464 i n .  

A2 = 1.430 Ref: p .  7.1-36 

U = (P 2 L/2AE), + (P2L/2AE), 

2 2 U = (2.0728P) (10.5)/2 (0.1464) E + (0.8959P) 6.2/(1.43)2 E 

A = dU/dP = (P/E) [2.07282 (10.5)/0.1464 + (0.8959) 2 (6.2)/1.43] 

K = P/A = E/(308.151 + 3.480) 

K1 = 33,694 lb . / i n .  

b.  Bending S t i f f n e s s ,  Beam AB i s  Assumed Cantilevered 

A = PL3/3EI = P (9.3)3/3E(4.9221) Ref: p .  7.1-31 

6 3 K = P/A = (3) (10.5) 10 (4.9221)/(9.3) 

K2 = 192,758 lb . / i n .  

Note: 9 . 3  inch length was used as t h i s  i s  dis tance t o  mounting bracket  

(load) Ref: p .  7.2-5 

c. Member OB Ref :p .  7.2-2 Assume 50% Effect ive 

K 3  = K1 (1/2) = 33,694/2 = 16,847 lb . / i n .  

K Z  = ZK = 33,694 + 192,758 + 16,847 = 243,299 l b . / i n .  

k 
f n = (Kg/w) 2/2m = [243,299 (386,1)/(75/2)] '/2n 
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f = (2.505)'/2n = 1582 .7 /2~  = 251.9 Hz - n 

In the  v e r t i c a l  d i r e c t i o n  t h e  sprung mass i s  d i s t r i b u t e d  equal ly  (1/2) t o  each 

end. 

7.2.2 Wrap Drum End Plate  

This s ec t ion  takes  i n t o  account t h e  s l i d e  and f ixed  end concept o f  drum 

mounting ( i . e . ,  a l l  drum a x i a l  loading i s  taken a t  t h e  f ixed  end, with the  

s l i d e  end ac t ing  as  an expansion j o i n t  i n  the  drum a x i a l  d i r ec t ion ) .  The 

s l i d e  end can take loading i n  the  drum lateral d i r ec t ions  (X and Y axes).  

The dynamic model o f  t h e  f ixed  end por t ion  o f  t h e  drum i s  shown i n  Figure 51. 

The following rev ised  weights were used: 

Pounds 

Panel assembly 11.198 

Wrap drum assembly 12.357 

Solar  cel l  i n s t a l l a t i o n  41.366 

Total  64.921 

This i s  t h e  t o t a l  sprung weight ac t ing  through t h e  end p l a t e  a t  t he  drum 

f ixed end. 

The de f l ec t ions  of  p l a t e s  are given on page 7.2-17, 18 f o r  var ious f i x i t y  

conditions o f  t h e  inner  and ou te r  edges (boundary condi t ions) .  

configurat ion has a hub attachment i n  t h e  center  which w i l l  be  assumed t o  be 

40% effect ive i n  r e l a t i o n  t o  t h e  f u l l  p l a t e  (Ref: 

The l a t e s t  

Figure 5 2 ) .  

1) Simply Supported Outer Edge 

y = 90.703 - (0.40) (90.703 - 63.042) (P /16~d)  

y = 80.039 (P/16nD) f o r  40% e f f e c t i v e  hub 
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PANEL& SOLAR 

WRAP DRUM 

DRUM AXIS Z -  

I 

VIEWED AS A MODEL 

-F 
SIMULATES PARTIAL 
EDGE FIXITY (60%) 

Figure 51 End.Plate Dynamic Model 
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Figure 52 End Plate Layout - Fixed End 
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2) Fixed Outer Edge 

y = 36.0 - (0.40) (36.0 - 21.077) ( P / ~ ~ I T D )  

y = 30.031 (P/16~rD) f o r  40% effective hub 

Gussets have been added t o  t h e  drum-end p l a t e  attachment area (Ref: 

which s t i f f ens  t h e  attachment area. 

p.  7.2-13) 

is f u r t h e r  assumed t h a t  t h e  ou te r  edge i s  60% f ixed  so t h a t :  

y = 80.039 - (0.6) (80.039 - 30.031) (P/16rD) 

y = 50.034 (P/16nD) - - yst E P/D 

D = 5.833 t t t 10 Ref: (14) f c  

P = W = 64.921 Ref: p .  7.2-11 

f = 3.1273/ys = (3.1273 2 D/P)' = (0.150645D)' 
n 

A = (12.309/fn) 2 = 151.5115/fn2* 
dYn 

Results are tabula ted  i n  Table 14. Se lec t ion  of  actual sk in  thicknesses  w i l l  

be made on t h e  b a s i s  of stress and system dynamics requirments (Ref: Sections 

7.2.1 and 7.1.1). Also tabula ted ,  is the  end p l a t e  sp r ing  ra te .  

K = P/A = P/(50.034 P/nl6D) = 16rD/50.034 

5) K = 50.266 D/50.034 = 1.0046D 

*For a = 4  

2 Q = (T.R -1)' = 3.873 
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The n a t u r a l  frequencies are shown i n  Table 14. 

mum fn = 150 Hz.  

requirement. 

I t  was des i red  t o  have a mini- 

A l l  end p la te  configurations with 1.5 inch cores exceed t h i s  

Table 14 Dynamic Summary of Natural Frequencies and Spring Rates 

t 

1.500 

1.500 

1.500 

1.500 

1,500 

1.500 

1.500 

tf 

0.030 

0.032 

0.036 

0.040 

0.044 

0.048 

0.050 

Dimensional Data: 

a = r = 6.0 i n .  

b = r. = 1.05 i n .  

0 

1 

t 
C 

1.440 

1.436 

1.428 

1,420 

1.412 

1.404 

1.400 

D 

378,000 

402,057 

452,314 

496,972 

543,589 

589,646 

612,465 

rn 

fn 

238.63 

246.11 

261.03 

273.62 

286.16 

298.04 

303.75 

L u = 0.3162 1-1 = 0.10 

dY 
A 

0.00266 

0.00250 

0.00222 

0.00202 

0.00185 

0.00171 

0.00164 

K 

379,739 

403,906 

454,395 

499,258 

546,090 

592,358 

615,282 

a. Simply supported Plate  with Hub Refs: (9) and (10) 
4 2 2  2 2  = (P/16rrD)I [a4 (3 + u) - b (1 - 11) - 2a b (1 + 1-1) - 8a b Ln (a/b) Ym 

2 2  2 - 4a b (1 + 11) (Ln a/b)2] / [a2 (1 + u) + b ( 1 - u)] 1 
4 4 2 2 

= (P/16nD) 1 [6.0 (3.3162) - 1.05 (0.6838) - 2 (6.0 ) (1.05 ) (1.3162) Ym 
2 2 2 2 2 - 8 (6.0) (1.05 ) Ln 6.0/1.05 - 4 (6.0 ) (1.05 ) (1.3162) Ln 

(6.0/1.05)]/ [6.02 (1.3162) + 1.0S2 (0.683833 1 
Y, = (P/16nD)\ r4297.80 - 0.83 - 104.48 - 317.52 Ln 5.7143 

I L  111 

- 208.96 Ln2 5.7144 / [46.6293 

2 Lne 5.7143 = 1.743 Ln a/b = 3.038 
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= (p/l6~rD) (2986.42/46.6293) Ym 

= 64.042 (P/16nD) Ym 

b. Fixed Edge Plate With Hub Refs: (9) and (10) 

= (P/16~rD) 1 a2 - b2 - [ 4 a 2 2  b Ln2 (a/b)]/(a2 - b2) I 
Ym 

Ym = (P/16nD)/ 6.02 - 1.0S2 - 4 (6.0)2 ( l .05)2 (3.O3S)/(6.O2 - l .0S2)} 

I = (P/16nD) { 34.8975 - 482.31/34.8975 Ym 
= (P/16nD) (34.8975 - 13.8208) 

Ym = 21.077 (P/16nD) (2) 

c. Simply Supported Plate with Hole Refs: (9) and (10) 

= (P/16rD) [(a2 - b2) (3 + p ) / ( l  + p) + 4a 2 2  b (1 + u )  (Ln a b )  2 
Ym 

Ym = (P/16nD) [(6.02 - l.0S2) (3.3162)/(1.3162) + (4) (6.02) (l.0S2) 

(1.3162) (3.O38)/(0.6838)C6.O2 - 1.0') ] 

1 Ym = (P/16vD) [87.9252 + 634.82/23.863 

= P/16nD (87.9252 + 26.603) = 114.528 (P/16nD) ym 

d. Fixed Edge Plate with Hole Refs: (9) and (10) 

= (P/16nD) [ a 2  - b2 + [2b2 (a2 - b 2 ) - Sa 2 2  b (Ln a/b) 
Ym 

+ 4a2 b2 ( 1 + p) (Ln a/b)'] / [a2 (1 - 11) + b2 (1 + PI]  1 
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2 2 = (P/16~rD) { 6.0 - 1.052 + [2 (1.05') (6.02 - 1.05 ) Ym 

- 8 (6.02) (1.05') (1.743) + 4 (6.02) (1.05') (1.3162) (3.038)] 

/ [6.02 (0.6838) + 1.052 (1.3162)] I 
= (P/16~rD) I 34.8975 + [ 76.9500 - 553.428 + 634.8201 / 23.1657 I 

Ym 1 

= (P/16~rD) (34.8975 - 6.835) Ym 

= 41.733 (P/16nD) 
YIn 

e .  Simply Supported Plate Refs: (9) and (10) 

I 2 Ym = (P/16~rD) [6.0 (3.3162)/1.3162 

= 90.703 (P/16~rD) a t  cen te r l ine  = y Ym 0 

y, = yo Sin ~ x / 2 r  = y Sin TT 4.95/2 (6.0) = yo  Sin  1.3 (Rad) 
0 

= 90.703 (P/16vD) (0.964) = 87.438 (P/16~rD) 
YX 

l a t t e r  is more exact - former i s  conservative 

Comparing r e l a t i v e  de f l ec t ion  f o r  t h ree  type p l a t e s  and f o r  both f ixed and 

simply supported outer  edges. 

1) Simply 3dpported Cuter Edge 

- -  = 90.703 (P/16rD) y m  Fu l l  Plate 

= 114.528 (P/16~rD) Ym Center CiJtout 

= 65.042 (P/16~rD) Ym Center Hub 
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2)  Fixed Outer Edge 

Ful l  Plate = 36.000 (P/16rD) 'm 

= 41.733 (P/16nD) Ym Center Cutout 

= 21.077 (P/16rD) Ym Center Hub 

* - Ym = K (P/16rD) the  average K f o r  t he  above conditions is 61.434. 

7.2.3 Wrap Drum and Stowed Panel 

The magnesium wrap drum i s  designed t o  be s u f f i c i e n t l y  r i g i d  t o  l i m i t  maximum 

dynamic de f l ec t ion  t o  < - 0.25 inch when exc i ted  normal t o  the  drum axis with 

4g (Pk) launch s inusoida l  v ibra t ion .  The 0.25 inch was s e t  by Ryan as a 

design goal t o  minimize induced bending stresses i n  the  s o l a r  c e l l s  and t o  

reduce the  spacing necessary between the  stowed panel ou ter  wrap and the  

dr ive  torque tube.  Analysis performed i n  Phase I (Reference 1) shows the  

l i g h t e s t  weight wrap drum o f  magnesium which w i l l  l i m i t  panel def lec t ion  t o  

0.25 inch is about 12  inch diameter of 0.032 th i ck  skin.  S t r e s s  margins of 

s a f e t y  were +0.22 based on beam bending ana lys i s .  

The drum stress analysis ,  based on the  drum being loaded as a pin-ended beam 

i n  bending a t  resonance and assuming t h a t  the  drum supports the  stowed panel 

as small incremental masses, was found t o  be conservative.  A f u l l  s i z e  drum 

with stowed panel was s i n e  v ib ra t ion  t e s t e d  normal t o  t h e  drum axis ,  and it 

was found t h a t :  

a. The stowed panel does not  act as small incremental masses supported by 

t h e  drum. 

e l l i p t i c  i n  shape, which does not  load the  drum i n  bending. 

Rather, t he  stowed panel has a cr i t ical  resonance mode, 

b. Maximum v ib ra t ion  def lec t ion  a t  t h e  e l l i p t i c  mode d id  not exceed the  

0.25 inch design goal.  
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e. Assumption of  pin-ended drum conditions a t  the  bearings was ve r i f i ed .  

d. The drum bending mode i s  in s ign i f i can t  s ince  it is completely decoupled 

from t h e  stowed panel e l l i p t i c  mode and t h e  stowed panel wraps provide 

a l a rge  amount of damping of  t h i s  mode. 

thickness  from 0.032 t o  0.025. 

This allows a reduct ion i n  sk in  

The measured maximum dynamic def lec t ions  were wi th in  the  0.25 inch desicn goal.  

The stowed panel mode was 30 Hz,  as compared t o  t h e  50 Hz calculated.  

7.2.4 Deployed Panel 

This ana lys i s  shows t h a t  t h e  two deployment beams are s u f f i c i e n t l y  r i g i d  t o  

effect  a deployed panel v ib ra t ion  na tu ra l  mode of a t  least 0.04 Hz. 

e r a t ions  f o r  panel membrane, o r  coupled mode, are a l s o  given. The ana lys i s  

contained i n  Reference 1 shows t h a t  margins of s a f e t y  are high f o r  any 

in-space acce lera t ions  and t h a t  t h e  beam thermal proper t ies  are such t h a t  i t  

w i l l  no t  exceed the  deployed f l a t n e s s  requirement of  5 10" out of plane.  

Analysis presented i n  t h i s  s ec t ion  i s  based upon maximum beam temperature 

conditions (358'F), when receiving 260 mw/cm2 s o l a r  f lux .  

Consid- 

7.2.4.1 Cantilevered Panel Mode 

The deployed beam i s  shown (Figure 53) schematically below: 

F U L L  

% TIP INTERCOSTAL 

SOLAR C E L L S  

DRUM 

Figure 53 Deployed Beam Schematic 

7.2-19 



The las t  wrap of t h e  stowed panel i s  a thermal r e f l e c t i n g  wrap and does not  

have s o l a r  cells mounted t o  the  subs t r a t e .  For t h i s  reason t h e  e f f e c t i v e  

dynamic length was taken as the  d is tance  t o  the  cen te r l ine  of  i n t e r c o s t a l  

only, s ince  the  las t  wrap and beams are r e l a t i v e l y  l i g h t  with respect  t o  the  

s o l a r  c e l l  weight. 

t he  e f f e c t i v e  dynamic length of 544.58 inches,  from t h e  root  support. 

The t o t a l  weight of t he  panel was then d i s t r i b u t e d  over 

The weight used i n  t h e  dynamic analysis  was taken as: 

a. Solar  Cel l  I n s t a l l a t i o n  

b.  Substrate  and Beams 

41.336 pounds 

10.923 pounds 

c.  Tip In t e rcos t a l  0.263 pound 

TOTAL 52.522 pounds 

The l i n e a r  d i s t r i b u t e d  weight pe r  beam is  therefore :  

w = W/2L = 52.522/(2) (544.58) = 0.048 pound/inch/beam B 

The beam cross  sec t ion  used t o  ca l cu la t e  t h e  fundamental can t i l eve r  bending 

frequency i s  shown i n  Figure 54. 
I 

MATEFUAL- 

TITANIUM 
6AL - 4V 

- -'BLERS (w = .20) 

Figure 54 Side Beam Cross Section 

7.2-20 



In  ca l cu la t ing  t h e  fundamental can t i l eve r  bending frequency, t h e  following 

dimensions and p rope r t i e s  were used: 

6 L = 544.58 inches E = 14.9 (10 ) - T i  a t  350'F 

w = 0.048 pound/inch 

I = 1.1377t 

K = 1.20 

t = 0.003 

This i s  a f a c t o r  t o  account f o r  beam 

doubler and t h e  effect of  beam f l a t t e n -  

ing at t h e  roo t  sec t ion .  

(0.97 x 1.24 = 1.20)  

The bas i c  frequency equation i s ,  

fn = C d g  E (KI)/WL4 

% 
= (0.56) [386.1 (14.9) l o 6  (1.2) (1.1377) (0.003)/ (0.048) (544 .4q4  ] 

fn = 0.0414 (Hz) 

Beam doublers as shown i n  Figure 54 w i l l  be  used f o r  a d is tance  of 125 inches 

outboard of  t h e  beam roo t  support .  

Summary 

The frequency (fn) of t h e  can t i l eve r  mode meets the  requirements of a minimum 

f of 0.040 Hz, with t h e  use of beam doublers.  n 

7.2.4.2 Panel Torsional Mode 

The to r s iona l  model is shown schematical ly  i n  Figure 55. 
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The bas i c  dynamic equation f o r  t he  to r s iona l  v ibrq t ion  mode is:  

= (n7r/2) n G J  g / a  I 
fn P 

G = Torsional modulus of e l a s t i c i t y  

J = Section polar  area moment o f  i n e r t i a  

g = Gravity constant 

01 = Weight per  u n i t  length 

I = Section mass moment of i n e r t i a  
P 

L = Length of panel ( e f f ec t ive )  

n = 1, 3,  5 to r s iona l  mode number 

The above equation is  derived as follows, f o r  t he  to r s iona l  v ibra t ion  of a 

sha f t  of constant cross sec t ion  and uniformly d i s t r ibu ted  mass. 

n ' 

7.2-22 



I 

I 

DEPLOYED 
I PANEL 

Figure 55 Torsion Mode Schematic Model 
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Ref: (13) p. 299-322, 336 

a 2 0 / a t 2  = (GJg/ yIp) ( a28/ax2) 

Wave Equation 2 2 2  2 a @ / a t 2  = a ( a  e/ax 

For Ci rcu lar  Shaf t  

e = TL/JG Kt = T/0 = J G / L  

4 J = I = I + I = (2) (nr4/4> = n r  / 2  
P X Y  

2 2 2 4 = m r  dx/2 = ( n r  y/g) (r dx/2) = (ydx/g) ( n r  /2 )  mass I 

= (yIp/g)dx y = Weight/Unit Length mass I 

For Walled Section 2 a = GJg/yIp 

For Ci rcu lar  Sect ion 2 
a = Gg/y 

The general  so lu t ion  t o  equation (1) i s  

0 = $(A Cos p t  + B Sin p t )  

ae/ax = $[f(t,3 a2e/ax2 = $ [ f ( t ) ~  

2 0 / a t  = $(-A Sin  p t  + B Cos p t )  
P P 

2 2 a e / a t  = $ ( - A ~ ~  cos p t  - B S in  p t )  
P 

Subs t i tu t ing  the  above der iva t ives  i n  Equation (1) 

-P2 $ [fctj = a2 4J CfWJ 
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Solut ion t o  t h e  above d i f f e r e n t i a l  equation is 

J, = C Cos px/a + D S in  px/a 

= 0 :. c = o  ( $1 x = o  A t x = O  

J, = D S in  px/a 

e = J, k( t ) ]  = D/Sin px/a) [f(t)] D = 0  0 

e = eo Sin px/a f ( t )  

A t x = L  e = e f o r  f ( t )  = 1 
0 

Sin  pL/a = 1 pL/a = n n / 2  

M = 1, 3 ,  5, 7. . . 

P = n r a / 2 ~  = ( n ~ r / 2 ~ )  . \IGJg/yI P 

p = nn/2 d- n = 1, 3 ,  5 

For free-free condition Ref: 9 ,  p.  300, 319 

p = anr/L = nn tjGJglyIpLZ n = 1, 2,  3 

For t he  fundamental mode t h e  free-free frequency is twice the frequency f o r  

f ixed  free condition and L1 = L 2 / 2 .  

c en te r l ine  acts as f ixed  end. 

This would i n d i c a t e  t h a t  the  node a t  
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The beam to r s iona l  proper t ies  have been ca lcu la ted  as follows: 

La! /-I 

i 

I b 

I 
h 

I ' b  

I 9 

Figure 56. Beam Cross-Section Elements 

From Figure _. 56: 

Area o f  Segment (a) 

2 A = ar r / 2  - wh/2 a 

w = r Sin  a h = r Cos a 

2 Aa = (r / 2 ) ( a  - Sin a Cos a) 

Area o f  Segment (b) 

2 A,, = r w  - r a/2  

A,, = r (Sin 01 - 4 2 )  2 
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For the following conditions : 

0 r 2 = r7 = r9 = 0.40 i n .  a1 = 65.90 

r = 0.19 i n .  a2 = 66.54' 4 

2 2 2 2) A2b = r2 S i n  a - r a/2 = 0 .4  (0.91283) - 0.4  (1.150175)/2 

4 A2 = 0.0540388 

2 2 
7 )  A7b = 0.4 (0.91729) - 0.4  (1.16129)/2 = 0.053,8632 

3) A = w Sin  a Cos a/2 + w Cos a R (1 - Cos a )  3 3 2 

= 0.52140 (0.91283) (0.40833)/2 + (0.52140) (0.90833) (0.4) (1 - 0.40833) 

= 0.52140 (0.40833)[0.91283 + 0.4 (1  - O.40833)] = 0,240,508 

8) A = (0.42095)(0.39822) c0.91729 + Q.4(1 - O.39822)] = 0.194117 

2 
4) A4a = r a/2 - r2 Sin  a Cos a/2 + r Sin  aC0.825 - r(1 - Cos a)] 

A4a = (0.192/2)[1.150175 - 0.91283 (0.4083311 

+ 0.19 (0.91283) C0.825 - 0.19(1 - 0.40833)] 

A4a = 0.014033 + 0.123589 = 0.137622 

= (0. 42/2) [l. 16129 - 0.91729 (0.39822)] Aga 

+ 0.40 (0.91729)[0.867$6 - 0.4(1 - 0.39822)] 

= 0.063681 + 0.230000 = 0.293681 

5) As = wh = 0.15 (0.825) = 0.12375 

2 At = 2ZA. = (1.08355) 2 = 2.1671 in .  
1 
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J = 4A 2 t / d s  = 4(2.1671) 2 t / 6 . 0  = 3.1309t 

e = Z q  ds 11c/2 A t  j= T h &  Ref: (111, p.  443 

q = T/2A 

T / J  = Z (T/2A) ds/2At = ZTds/4A2t 

Converting A t o  an equivalent  c i r c l e  

A = a r 2  = 2.1671 

r = 4 2.1671/n- = 0.8305 
eq 

b 

Mass moment o f  i n e r t i a  o f  beam-panel sec t ion  r e l a t e d  t o  cen te r l ine  o f  
deployed panel 

2 
= Io + Md I cen t e  rl i n e  

For A cy l ind r i ca l  mass about i t s  cen te r l ine  

(Q = 1.0)  2 2 2  4 I = m r  Q / 2  = @ / g ) ( a r  ) r (1)/2 = (p/g) n-r / 2  
0 

= (pa/2g)(Ro - Ri)(Ro + Ri)(Ro2 + R. 2 ) = (pa/2g)(t)(Ro + Ri) (Ro2 + Ri 2 
1 

3 2 2 2 2 '. Io = (2ap/g)(R t) = 2art(p/g)(R ) = m r  , l b .  sec i n .  / in .*  

= (p/g) V = (p /g) (2) (3 .0 ) t  = (0.160/386.1) (6) (0.003) matt 
2 m = 0.00288/386.1 = (7.459)1OV6 lb .  sec. / i n .*  1 

2 3 2 2 *ml = ( l b . / i ~ ~ . ~ >  l / ( i n . / s e c .  ) ( in .  ) = l b .  i n . 3  sec / in .3  = lb .  sec. / in .  
3 
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Iol = m r z  = Kmr = 0.632(7.459) (0.8305)2 

Iol = 3.2515(10-6) l b .  sec.2 in.’/in. 

eq 

Md 2 = 7.459(10-6) (41.0)’ = 12,539 lb .  sec .2 / in .2 / in .  

= (12,539 + 3) E; 12,542 lb .  sec. 2 2  / i n  / i n .  
1 center1  ine  I 

Mass momen2: o f  i n e r t i a  o f  Kapton and r e t a i n e r s  about center l ine .  

- [8.46/495 - Wb]/g = [8.46/495 - (2)(3.0)(0.16)(0.003)]/386.1 

= [0.017091 - 0.00288]/386.1 = 0.014211/386.1 

m2 - 

m 2 

m = 36.807(10‘6) l b .  sec 2 / i n .  2 

MR 2 / 1 2  = mR 2 /12  = 36.807 (82) 2 10 -6 /12  
Io2 

= 0.020624 l b .  sec. 2 / in .  2 / i n .  
I02 

Mass moment o f  subs t r a t e  : 

m = W/gL = 44.5/495(386.1) = 232.839 b 

= m R  2 / 1 2  = 232.839 (79) 2 10-6/12 
‘03 

= 0,12110 lb .  set.' in.’/ i n .  ‘03 

- + I + I = 0.012542 + 0.020624 + 0.121096 0 2  03 1 I t  - I cente rl i n e  

2 2  = 0.154262 l b  sec i n  / i n  I t  (For  two beams) 

Di f f e ren t i a l  bending due t o  u n i t  torque applied a t  cen te r l ine  deployed 

panel - Ref: cen te r l ine  torque, Figure 55. 

a. For no to r s iona l  r i g i d i t y  i n  t h e  i n t e r c o s t a l  and i n t e r c o s t a l  considered 

very s t i f f ,  EI-oo; t he  system is  redundant bu t  i s  r e l a t e d  geometrically.  
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= 2Ta + 2Pa Li/2 = 1 in.- lb .  Tcenterl ine 

Ta E Tb and Pa = Pb 

2Ta + PaLx = 1 

ea = A / ( L . / 2 )  = 2Aa/Li (a) 
1 

Subst. i n  (a) t ea = TaL/GJ 

A a  = PaL / 3 E I  3 

3 TaL/GJ  - (PaL /3EI) 2 / L i  = O 

3 I 

TaL/JG - 2PaL / 3 E I  Li = 0 

2 T / J G  - 2 P  L / 3 E I  Li = 0 a a 

2Ta + Pa Li = 1 A b o v e  

FROM (a) 

Subs t i tu t ing  Ta from equation ( 2 )  i n t o  E q u a t i o n  (1) 

2 ( 1 / 2  - PaLi /2 ) / JG  - 2PaL / 3 E I  Li = 0 

PaLi2/2GJ + 2 P a  L 2 / 3 E I  = L i / 2 J G  

- 
'a - 

P =  a 

T =  a 

T =  a 

Li /2JG (L i2 /2GJ  + 2 L2/3E3[) 

Li/(Li2 + 4JG L 2 / 3 E I )  = Li/Ka 

(1/2 - PaLi/2) = 1 / 2  - ~ . ~ / 2 ( L i ~  1 + 4 J G  L 2 / 3 E I )  

( 1 / 2 ) [ 1  - L . 2 / ( L i 2  + 4JG L 2 / 3 E I ) ]  = ( 1 / 2 ) ( 1  - Li 2 /Ka) 
1 

1 
2Ta + PaLi = 1.0 = 2 ( 1 / 2 ) ( 1  - Li /Ka)  -+ (Li/Ka)Li 



2 2 1 - Li / K a  + Li /Ka = 1.0,  Check 

For t h e  following conditions Ti @ 350'1: 

I = 1.1377t 6 L. = 84.0 in .  L = 495 i n .  E = 14.9 (10 ) 1 

Ref: p .  7.2 - 21 

R e f :  p .  7.2-21 G = 6.2 (14.9/16.2)106 = 5.59(10 6 ) fo r  T = 350°F 

J = 3.1309.1: Ref: p. 7.2 - 28 

K = L + 4JG L2/3EI i 

K = (84.0)2 + 413.1309) t (5.59) l o 6  (495)2/3(14.9)(106)(1.1377t) 

K = 7056 + 337,301 = 334,357 l b . / i n .  

T a = 1 / 2  [l - S4.02/344,357] = 1/2 (1 - 0.0205) 

2 
Tb = PaLi/2 = Li / 2 K  = (1/2)(0.0205) 

b .  For 100% to r s iona l  r i g id i ty  i n  t h e  i n t e r c o s t a l  considering 1 / 2  beam 

A/2 = P,Li 3 /3EI 

A = 2(A/2) = 2PaLi 3 /3EI 

A = (2Pa/3E1)(L/2l3 = PaL3/12EI 

Same as previous case 
0 = TaL/JG 

2Ta + PaLi = 1.0 

8 - 2A/Li = 0 Same as case (a) a 
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TaL/JG - 2 (P L 3 /12EI ) /L i  = O 

T / J G  - 2PaL 2 / 1 2 E I  Li = 0 

a 

a 

Ta = ( l /2 ) (1  - Pa Li) 

2 
(1/2 - Pa Li/2)/JG - PaL /6EILi = 0 

Pa = Li/(Li2 + J G  L 2 /3EI) = Li/\ 

Ta = (1/2 - Pa Li/2) = 1/2 - (Li/2) Li/(Li2 + J G  L 2 / 3EI) 

Using values given f o r  case (a) 

2 K = Li2 + J G  L /3EI = 84.02 + 3.1309(5.59) (495)2/3(14.9) (1.1377). 

6 K = 7056 + 4.288(19 )/50.855 = 7056 + 84,325 

G = 5.59 (3 350°F Ref: 1 2  (MIL-HDBK-SA) 

2 

1 -  2 Ta = (1/2)[1 - 84.0 /91,381 = (1/2)(1 - .0772) 

2 T = PaLi/2 = Li / 2 \  = 84.0 /2(91,381) 

= (1/2) 1.0772) = Tb(r) 

b 

T 
b 

For 50% t o r s i o n a l  r i g i d i t y  i n  i n t e r c o s t a l  

r = (r + r 2 ) / 2  = (0.0205 + 0.0772)/2 - 0.04885 - 0.05 1 

= (1/2)(1 - 0.05) = (0.95)(0.5) = 0.475 in . - lb .  Ta 

T = (1/2)(0.05) = 0.025 i n . - l b .  
b 
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Kt = T/8 = (T)/(TaL/JG) = (0.50)JG/(0.475)L 

= (0.50) 3.1309 (0.003) (5.59) 1O6/0.475(49S) Kt 

= (0.026253/235. 125)106 = 111.654 in . - lb . / r ad  pe r  beam 

T = K Q ,  K = T/O 8 = TL/JG K = J G / L  

fn  = (n/4) 4- Ref: p. 7.2 - 25 

N 

y = P = weight/unit  volume 

I = moment (mass) of  i n e r t i a  p e r  u n i t  length 
P 

I = 0.12110 lb .  sec. 2 / i n .  Ref: p .  7.2-29 
P 

Kt = 111.654 Rad/in.-lb.per beam 

fn = kn -\12(111.65)/16(0.1211)495 = d- (n> 

f = kn 4- = 0.483n Hz n = 1, 3, 5 n 

k = Correction f a c t o r  f o r  length o t h e r  than 495 inches. 

The ana lys i s  w a s  based upon a 495-inch o r i g i n a l  length,  which s t i l l  reflects 

the  ac tua l  length o f  s u b s t r a t e  on the  panel.  

accommodate a l ightweight  thermal wrap. 

and added i n e r t i a l  moment o f  i n e r t i a  w i l l  be  taken r e l a t i v e  t o  t h e  inverse 

o f  t he  respec t ive  lengths ,  which w i l l  be  s l i g h t l y  conservative.  

The beams were lengthened t o  

The effect  o f  t h i s  increase  i n  length 

K = L / L  - 495/544.58 = 0.908 1 2 -  

f = 0.483 k n = 0.483 (0.908)(1.0) n 

7.2-33 



n = 1 . 0  fundamental frequency 

f = 0.438 HZ n -  

1 with 1.0 Pendulum ef fec ts  - When t e s t i n g  the  pan acceleration downward the  

deployed s t ruc tu re  behaves as a combination pendulum and can t i l eve r  beam. 

The cant i lever  e f f e c t  is idea l ized  as a to r s iona l  spr ing a t  t h e  pivot  point .  

Z To = 0 = Tacc - Tk - Tk = 0 

- - Icr = Io" 

2 2 = M R  / 3  = WR /3g f o r  
IO 

rod about one end 

For  to rs iona l  spr ing  @ cen te r l ine  r o t a t .  

T = -Kt9 
SP 

For small  amplitudes 

dF = dW Sin  8 = dW(9) 

dW = pAdx 

2: Tf about pivot  point  "0" 

dTf = -(dW)(8)(x) = -pAB(x)dx 

2 
R 

T f = - f pA8 x dx = -8pAR /2 = -8(pAL)(Q/2)  
0 

Tf = -W9Q/2 

.. 
Z T 0 1 9 - T f - F  k = O  

2 (WE /3q)'8' = (WR/2) 8 + Kt 8 = 0 
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.. 2 e + (3g/2L + 3g K t / w ~  ) e = 0 = e + a e = o 
.. 

= (1/27r) 6 = (1/2-rr) 43g/2L + 3g Kt/WL 2 
E, 

For pure pendulum e f f e c t  K = 0 t 

fn = (1/2-rr) .\I3g/2L Pure pendulum 

fn = ( 1 / 2 ~ )  d3 (386 .1 ) /2  (495) = (1/23) a 
f = 0.172 H z .  n -  

I t  i s  t o  be noted t h a t  t h e  to r s iona l  spr ing effect which is here  considered 

negl igable  w i l l  have the  e f f e c t  of  increasing t h e  frequency. 

bending modes would couple and have the  e f f e c t  o f  decreasing the  frequency. 

The r a t i o  of t h e  pendulum mode t o  the  to r s iona l  mode i s  

Torsional 

= 0.172/0.438 = 0.393 np n t 

Summary : 

The beam-substrate t o r s iona l  mode na tu ra l  frequency ( fn  = 0.438 Hz) i s  well  

within t h e  requirements of t he  minimum f = 0.040 H z .  n 

Torsional modal t e s t i n g  of the  array i n  a "1-g" f i e l d  m u s t  consider and allow 

f o r  the expected coupling o f  t he  pendulum mode. 

7.2.4.3 Panel Diaphragm Mode 

The s u b s t r a t e  with the  at tached s o l a r  c e l l s  and e l e c t r i c a l  connections ac t s  

as a diaphragm o r  membrane. 

do e x i s t  between any s o l a r  c e l l  a r ray  and c l a s s i c a l  analysis  of membranes. 

Analyses of  membranes assume 100% edge r i g i d i t y  i n  both the t ransverse 

and la teral  panel d i r ec t ions .  This i s  not  the  case f o r  deployed s o l a r  

arrays.  

r e l a t i v e l y  high pretensioned membrane, which tension does not change 

There a re  some fundamental differences t h a t  

Further,  membrane ana lys i s  i s  based on t h e  assumption of a 

7.2-35 



appreciably i n  amount due t o  def lec t ion  of t h e  membrane. 

t he  case f o r  a solar array with very small edge pretension. 

above fac tors  combine t o  make t h e  panel mode coupled nonl inear ly  with both 

Again, t h i s  i s  not 

Both of  the 

the  can t i l eve r  and to r s iona l  mode. 

dynamic analysis ,  a quan t i t a t ive  analysis i s  the  only one present ly  feas ib le .  

Further  study o f  t h i s  mode w i l l  be  undertaken i n  Phase 11. 

the panel membrane mode i s  as shown i n  Figure 57: 

A t  t h e  present  s ta te -of - the-ar t  i n  

Schematically 

For a membrane with a small edge pretension and considering small de f l ec t ion  

conditions and edge r i g i d i t y  

1 DYNAMICALLY 

AXIS 

Figure 57. Panel Diaphragm Coupled Mode 

For the  following condi t ions:  

m = n = 1, fundamental frequency 

= 0.04 (Hz) fmn 
a = 82.0 inches b = 544.48 inches (length) 

g = 386.1 (grav i ty  constant)  

W = 42 pounds/250 (144) -pounds/square inch 

Subs t i tu t ing  t h e  above values i n  t h e  frequency equation: 

S = 0.0001272 pound/inch Edge Tension 
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I t  was a l s o  shown mathematically t h a t  f o r  a membrane t h a t  does not s t r e t c h :  

(Reference: Figure 57) 2 2  Ax = A. IT /4 a 

The above two equations ind ica t e  t h a t  only the smallest edge force  i s  
required t o  give a diaphragm frequency of  0.04 cps (Hz), and t h a t  t he  

s l i g h t e s t  motion of the  panel sets up edge forces due t o  Ax a t  an even 

faster r a t e  (nonl inear) ,  i n  t he  rrSrl  Qr s h o r t  panel d i rec t ion .  

There a re  edge forces  i n  both the  lateral and longi tudinal  d i rec t ions  due 

t o  the  s i d e  beams and t h e  t i p  i n t e r c o s t a l .  

r rYlc  (cant i lever )  axis  d i r ec t ion  i s  more complex. Due t o  t h e  r rSfr  axis  

d i r ec t ion  nonl inear i ty ,  it can be concluded t h a t  coupling can occur only 

i n  a small 

decoupled, s ince  frequency w i l l  vary with amplitude. 

The dynamic coupling i n  the  

(Ao) amplitude range; t h e r e a f t e r ,  the  two motions w i l l  be  

7.2.5 Guide Sleeve Supports 

The magnesium guide s leeve  mounts a re  designed pr imar i ly  f o r  s u f f i c i e n t  

r i g i d i t y  t o  minimize dynamic def lec t ion ,  supporting the  dr ive  torque tube, 

when exc i ted  a t  resonance i n  t h e  drum axis  d i r ec t ion  during t h e  launch 

s inusoidal  v ibra t ion  of  4g (Pk). Analysis performed i n  Phase I (Reference 1) 

shows t h a t  def lec t ionswi l l  be 0.10 inch a t  a resonance o f  79.6 Hz .  This 

v ibra t ion  mode is therefore  decoupled from the wrap drum end p l a t e ,  stowed 

panel, and spacecraf t  mount v ib ra t ion  modes. The bending s t r e s s e s  induced 

i n  the  legs  of t h e  guide s leeve  mount a t  resonance showed a small margin o f  

s a fe ty  ( + O .  06) on material y i e ld ;  however, the  dynamic t r ansmiss ib i l i t y  

used i n  ca lcu la t ion  of  t h e  s t r e s s  was conservative by a f a c t o r  of  about 

3 t o  1, as a t r ansmiss ib i l i t y  of 5 i s  more r e a l i s t i c  a t  4g exc i t a t ion  than 

the  16.7 used f o r  ana lys i s ,  (determined by the  v ib ra t ion  tes t  of  the  50- 

square foo t  r o l l u p  panel) .  
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7.2.6 Stowed Panel Axial Mode 

Analysis t o  determine t h e  na tu ra l  v ib ra t ion  modes o f  t h e  stowed panel when 

exc i ted  during launch i n  the  drum axis d i r e c t i o n  w a s  given i n  Reference 2. 

The Eirst th ree  frequencies were ca lcu la ted  as: 

F i r s t  Mode = 29.6 H z  

Second Mode = 82.2 Hz  

Third Mode = 134.5 Hz 
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7.3 WEIGHT BREAKDOWN 

The ca lcu la ted  s t r u c t u r e  weight breakdown for  the  Ryan design r e f l ec t ed  i n  

Ryan Drawing No. 400U020 is given i n  t h i s  sec t ion .  

are ca lcu la ted  based on nominal drawing tolerances and shee t  thicknesses.  

For comparison, t a r g e t  weights generated a t  t he  ou t se t  of  t h e  program are a l so  

given. 

S t ruc ture  weights shown 

A separa te  weight breakdown f o r  t he  s o l a r  c e l l  e l e c t r i c a l  i n s t a l l a t i o n  is 

included. 

dance with J P L  TWX, dated 6 May 1968. 

I t  r e f l e c t s  t he  weight of  s o l a r  cells and coverglasses i n  accor- 

Weights are shown f o r  one panel of a four  panel a r ray .  

7.3.1 E l e c t r i c a l  I n s t a l l a t i o n  Weight Breakdown 

Solar  Cell I n s t a l l a t i o n :  

(Weights a re  associated with 2 X 2 cm X 8 m i l  

s i l i c o n  s o l a r  c e l l s  and 3 m i l  covers) 

Solar  Cel l  (Per J P L  TWX 6 May 1968) 

Coverglass (Per J P L  TWX 6 May 1968) 

Coverglass Adhesive 14.80 milligrams pe r  c e l l  

Solar  Cel l  Adhesive 15.00 milligrams pe r  c e l l  

Copper Bus Bar 41.60 milligrams p e r  ce l l  

Solder 3.80 milligrams p e r  c e l l  

L B S / F T ~  

0.0840 

0,0321 

0.0073 

0.0074 

0.0205 

0.0019 

0.1532 
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Power Transmission: 

(Major Weight Contributing Elements) : 

ITEM MATERIAL 

Longitudinal Bus Bars Aluminum 1 Mil 

Transve rs e Co 1 1 e c t  o r  Aluminum 2 M i l  

Feedthrough and Jumpers 

Solder 

Adhesives 

Insu 1 a t  i on 

Copper 2 M i l  

Kapton 1 / 2  M i l  

TOTAL WEIGHT 

WEIGHT, 

POUNDS 

0.976 

0.144 

0.051 

0,029 

1.362 

0.389 

2.951 

Total  s o l a r  c e l l  a r ea  f o r  t h i r t e e n  modules i s  250.72 square f e e t .  

On a square foot  b a s i s ,  power transmission weight i s  0.0118 pound/square foot .  

Total  Subsystem Weight (less subs t r a t e )  : 

0.1532 pound/square foot  

0.0118 pound/square foot  

TOTAL 0.1650 poundlsquare foot  

E 1 e c t r i  cal 

Trans miss ion 

The above weights were ve r i f i ed  empir ica l ly  and with reasonable process 

cont ro ls  should prove t o t e  r e a l i s t i c .  

mater ia l s  are  average weights. 

thickness .  

Weights for  the  c e l l s ,  covers and bus 

The adhesive weights are based on minimum 

For t h e  Ryan design incorporat ing 250.72 square f e e t  o f  s o l a r  c e l l s ,  the  

e l e c t r i c a l  ins  t a l l a t i o n  weight becomes, 

Total  E l e c t r i c a l  Weight = 0.1650 X 250.72 

= 41.366 pounds 
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7.3.2 S t ruc ture  Weight Breakdown 

DRUM SUPPORT AND GUIDE SLEEVE MOUNT ASSEMBLY 

ITEM 

1. 

2. 

3 .  

4. 

5. 

6. 

7 .  

8. 

9. 

10. 

11. 

1 2 .  

S l i d e  Guide F i t t i n g s  

[Fixed End) 

S l i d e  Guide F i t t i ngs  

(S l ide  End) 

S l i d e  

S l i d e  Retaining Angles 

Bulkhead and Adjustment 

Screws 

Springs 

Spring F i t t i n g s  

Mount Lugs 

Mount Bol ts  

He l i co i l  In se r t s  

Retaining Screws 

Stop Mechanism 

TOTAL WEIGHT 

ZALCULATED WEIGHT 

0.8651 

0.628 

0.102 

0.052 

0.140 

0.014 

0.046 

0.024 

0.026 

0.303 

2.200 

TARGET 

WEIGHT 

0.456 

0.171 

0.108 

0.140 

0.027 

0.074 

1.176 
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ITEM 

1. Side Plates O/B 

2. Side P l a t e  I / B  

3. Top Plates 

4. Bottom Plates 

5. End Plates I / B  

6. End Plate O/B 

7. Internal  Bulkheads 

8. Attach Angles 

9. Frame Angle 

10. Guide Inserts 

11. Top Plate (Support) 

12. Support (Guide Inse r t )  

TOTAI 

B E N  GUIDE SLEEVES 

:ALCULATED WEIGHT 

0.343 

0.234 

0.183 

0.120 

0.029 

0.022 

0.042 

0.060 

0.084 

0.084 

0.043 

0.228 

1.472 

TARGET 

WE IGHT 

0.3131 

0.2660 

0.0540 

0.1310 

0.4290 

1.1930 

7.3-4 



WRAP DRUM ASSEMBLY 

ITEM 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

1 2 .  

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

Skin (Mag.) (0.025) 

Intermediate Rings 

Harness Retaining Ring 

End Plate Rings 

End Plate  - Fixed End 

End Plate - S l i d e  End 

Spindle and Bolt  Attach- 
ment 

Harness Spool 

Rol ler  Bearings 

Electrical  Harness 

Electr ical  Wiring 

Bushing Supports 

Snap Rings 

Sleeve Holder 

End Caps 

Sleeves 

Sleeve Flanges 

Contact Rings 

Ring Holders 

Insu la to r  

Contacts 

Screws 

Guide Fence 

TOTAL 

CALCULATED WEIGHT 

4.171 

0.154 

1.986 

1.352 

0.277 

0.160 

0.600 

0.009 

0.076 

0.065 

0.246 

0.056 

0.098 

0.164 

0.005 

0.100 

0.010 

1.823 

Y 

d 

S l i p  
. Rings 

11.352 

TARGET 
WEIGHT 

5.696 

0.115 

0.106 

0.113 

1.786 

0.101 

1.600 

0.167 

9.684 
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SPACECRAFT MOUNT ASSEMBLY 

ITEM 

1. 

2 .  

3 

4.  

5. 

6 .  

7 .  

8.  

9.  

10. 

11. 

12. 

Top and Bottom Plates 

Side Plates 

In t e rna l  Bulkheads 

Closure Angles 

Spacecraft  Maunt 
F i t t i n g s  (1) 

(Fixed) (1) 

(Sl ide)  (1) 

D r u m  Mount F i t t i n g  

D r u m  Mount F i t t i n g  

Center Attach F i t t i n g  

T r u s s  Tubes (2) 

Center Truss Tubes (1) 

Truss Pins (1 2) 

Fasteners Attach (24) 
F i t t i n g s  (#6 a lu-  
minum huckbol ts) 

TOTAL WEIGHT 

CALCULATED WEIGHT 

1.292 

1 .os9 

1.220 

0.4160 

6.136 

0.490 

0.309 

0.029 

0.377 

0.188 

0.118 

0.096 

5.830 

TARGET 
WEIGHT 

0.466 

0.368 

0.074 

0.093 

0.033 

0.039 

0.098 

1.787 

0.029 

0.132 

3.119 
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PANEL ASSENBLY 

ITEM 
_ _  

1. Subs t ra te  (0.001)Kapton) 

3. Substrate-Beam Attach 
Medium 3 M i l  Ind. Tape 
(ECC-B) 

4. Attach Doublers 

5. Subs t ra te  In te rshee t  Attach 
Medium 

6. Side Beams (Basic) 

7. Tip In t e rcos t a l  

8. Stop Damper Pad 

9. Subs t ra te  Doublers (240) 

LO. Drive S t r i p s  (1/2-0.010) 

11. Damper Pads 

12. Adhesive 

13. Outer Wrap Coating 

TOTAL WEIGHT 

CALCULATED WEIGHT 

2.513 

0.161 

0.044 

0.044 

3.424 

0.263 

0.012 

0.151 

1.196 

2.019 

1.010 

0.110 

10.947 

TARGET 
WEIGHT 

3.233 

0.050 

0.045 

3.272 

0 .5P2  

0.082 

0.599 

2.527 

0.158 

10.469 
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DEPLOYMENT/RETRACTTON SYSTEM 

ITEM 

1. 

2.  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

Extens ion Sys tem 

Drive Motor and Pinion 

Motor Brace 

Motor Mount 

Torque Tube Shaft  

Drive Sprockets 

Torque Tube End Caps 

Torque Tube 

Torque Tube Support 

Bushings and Retainers 

Roll Pins 

Attach Bolts  (Shaft)  

Attach Bolts  (Motor) 

L i m i t  Switch and Drive 

E l e  c t r i  cal Wiring 

Subtotal  

Retract ion System 

Retract ion Drive Motor 

Fasteners 

Motor Control Unit  

Sub t o t  a1 

CALCULATED WEIGHT 

2.750 

0.021 

0.017 

0.234 

0.208 

0.106 

1.481 

0.234 

0.033 

0.013 

0.060 

0.040 

0.200 

0.200 

5.597 

1.500 

0.035 

0.125 

1.660 

TOTAL WE I G  HT 7.257 

TARGET 
WEIGHT 

0.756 

0.017 

0.023 

0.090 

0.230 

0.111 

1.607 

0.071 

0.100 

0.24C 

3.24: 

7.3-8 



7.3.3 Weight Summary 

The s t r u c t u r e  and e lec t r ica l  i n s t a l l a t i o n  weights given i n  the  breakdown are 
in tegra ted  i n  t h i s  sectiQn t o  give the  t o t a l  weight f o r  one panel,  

WEIGHT SUMMARY 

ARRAY SUBASSEMBLY ITEM 

Drum Support and Guide Sleeve 
Mount A s  s emb l y  

Beam Guide Sleeves 

Wrap Drum Assemb l y  

Spacecraft  Mount Assembly 

Panel Assembly 

Deployment/Retraction System 

TOTAL STRUCTURAL WEIGHT 

Solar  Cell  and Electr ical  Ins ta l -  
l a t i o n  weight ( 2 ~ 2 ~ 0 . 0 0 8  with 
0.003 CG. - 250.72 square feet  
a t  0.165 pound/square f o o t )  

TOTAL PANEL WEIGHT 

CALCULATED WEIGHT 

2.200 

1.472 

11.352 

5.830 

10.947 

7.257 

39.085 

41.366 

80.451 

TARGET 
WEIGHT 

~~ 

1.176 

1.193 

9.684 

3.119 

10.469 

3.245 

28.886 

47.636 

76.522 

The t o t a l  weight, converted t o  pounds/square foo t  based on s o l a r  c e l l  area, 

becomes : 

80.451 E 0.32 
250.72 pounds/square foot = 
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7.4 DETERMINATION OF RADIATIVE PROPERTIES OF KAPTON 

The s o l a r  a r ray  u t i l i z e s  a Kapton rlH1f f i l m  subs t r a t e  f o r  mounting the  s o l a r  

c e l l s .  

Kapton s o  t h a t  the temperature p r o f i l e  o f  the  surfaces  could be predicted 

under the  inf luence of a space environment. 

and equilibrium temperature a t t a i n e d  under long term worst case environmental 

conditions can be theo re t i ca l ly  derived with the  Ryan 1179 Computer Program, 

using the  r ad ia t ive  surface proper t ies  of  the  Kapton as input  parameters. 

These temperatures a r e  used t o  pred ic t  t h e  thermal i n t e g r i t y  of t he  system 

during space missions. 

I t  was necessary t o  determine the  thermal r ad ia t ive  propert ies  of the 

The t r ans i en t  temperature h i s to ry  

Monochromatic room temperature re f lec tance ,  absorptance, and transmittance 

da t a  are given f o r  a 0.001 inch th i ck  shee t  o f  Dupont Kapton IfHrr f i l m .  The 

da ta  are in tegra ted  aga ins t  various source temperature Planckian black body 

functions t o  y i e l d  curves of  t o t a l  normal emittance and transmittance as 

functions of source temperature. 

7.4.1. Defini t ions 

Defini t ions o f  terms used i n  t h i s  report  a r e  given below. 

Normal Monochromatic Reflectance : 

The r a t i o  of t he  r e f l ec t ed  rad ian t  i n t e n s i t y  from a body t o  t h a t  

incident  upon it a t  a p a r t i c u l a r  wavelength, when the  incident  

rad ia t ion  i s  d i r ec t ed  normal t o  the  surface.  

p x  

Monochromatic Abs orp t  ance : 

The r a t i o  of the  energy absorbed by a body t o  t h a t  incident  upon i t  

at a p a r t i c u l a r  wavelength. 

x a 

Monochromatic Emittance : 
€1 ,. 

The r a t i o  of the  emitted rad ian t  i n t e n s i t y  t o  t h a t  o f  a black body 

a t  the  same temperature a t  a p a r t i c u l a r  wavelength. 
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E n Total  Normal Emittance: 

E 

h T 

a 
S 

H A  

J A  

P *  

The r a t i o  of the  emit ted rad ian t  i n t e n s i t y  ( in tegra ted  over a l l  

wavelengths) i n  a normal d i r ec t ion  t o  t h a t  of a black body at the  

same temperature. 

Total  Emittance : 

The r a t i o  of t he  rad ian t  i n t ens i ty ,  in tegra ted  over a l l  wavelengths, 

emitted by a p lanar  body i n t o  a s o l i d  angle o f  2 ~ r  s te rad ian  t o  t h a t  

o f  a black body a t  the  same temperature. 

Monochromatic Transmittance : 

The r a t i o  of t ransmit ted energy through a body t o  t h a t  incident  upon 

it a t  a p a r t i c u l a r  wavelength. 

Total  Transmittance: 

The r a t i o  of the  energy t ransmit ted through a material ( in tegra ted  

over a l l  wavelengths) t o  the  in tegra ted  black body energy incident  

on the surface.  

Total  So la r  Absorptance: 

The r a t i o  o f  the  rad ian t  i n t e n s i t y  absorbed by a body t o  t h a t  

incident  upon it from the  sun as defined by the  F.S. Johnson. 

curve. (Figure 58.) 

2 Monochromatic s o l a r  i n t e n s i t y  (Wattslv-cm ) as defined by the  

Johnson curve. (Figure 58.) 

2 
Monochromatic black body i n t e n s i t y  d i s t r i b u t i o n  (Wattslv-cm ) , 
a funct ion of temperature given by Planck's function. 

Apparent Experimental Reflectmce:  

The r a t i o  of  energy out t o  energy i n  f o r  a system cons is t ing  of  a 

semitransparent mater ia l  backed by a perfect  r e f l e c t o r  (p = 1) .  
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The use of emittance,  re f lec tance  t ransmit tance and absorptance i n  these 

de f in i t i ons  r a t h e r  than emiss i v i t y  , r e f l e c t i v i t y  , transmiss i v i  t y  and 

absorp t iv i ty  ind ica tes  t h a t  the  values given are f o r  r e a l  surfaces  and 

include the e f f e c t s  of  appl ica t ion  technique, subs t r a t e ,  and environmental 

degradation. 

used, a theo re t i ca l  value o r  a laboratory measurement of a chemically pure 

substance on completely f l a t  subs t r a t e ,  is intended, 

In  t h i s  r epor t  where the terms having the  s u f f i x  " i ty"  a re  

7.4.2 Apparatus and Procedures 

A l l  measurements were made i n  the  Space Science Laboratory of  General 

Dynamics/Convair. The Kapton sample was provided by Dupont. The t rans-  

mittance o f  t he  sample was measured with a Beckman IR4 spectrophotometer 

which used N a C l  and C s B r  prisms. 

lengths (1  t o  16u), and the  C s B r  prism f o r  t h e  h igher  wave lengths (11 t o  

3511). 
out spurious f luc tua t ions  and t o  f a c i l i t a t e  incremental breakdown f o r  

computer ana lys i s .  

Elmer Model 13 spectrometer i n  conjunction with a Hohlraum and associated 

control  l e r .  

The N a C l  prism w a s  used f o r  the  lower wave 

A smooth curve was f i t t e d  over t he  output s t r i p  char t  da ta  t o  average 

The re f l ec t ance  of  the  sample was measured with a Perkin- 

7.4.3 Results 

The t o t a l  normal emittance of t he  sample increases  from 0.068 a t  100°K t o  

0.330 a t  400°K and decreases t o  0.310 a t  500°K. 

emittance is s l i g h t l y  h igher  over the  temperature range (See Figure 63).  

The hemispherical 

The t o t a l  t ransmit tance decreases from 0.796 at 100°K t o  0.415 a t  400°K 

and increases  t o  0.453 a t  500°K (See Figure 64).  

There is a f a i r l y  wel l  defined window from about 5 t o  l O u ,  where the  

monochromatic t ransmit tance drops by approximately a f a c t o r  of 7. 

t h i s  bandwidth, t he  absorptance and re f lec tance  values increase by 

approximately a f a c t o r  of 2 t o  3 (See Figures 60 through 63). 

Also i n  
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7.4.4 Computations 

A complete descr ip t ion  o f  t h e  r ad ia t ive  proper t ies  o f  t he  Kapton sample must 

include the  monochromatic values of a ,  T and p a s  functions o f  wave length ( A )  

and the  t o t a l  values as functions of  t he  inc ident  black body temperature. 

Actually,  only two o f  the  th ree  bas i c  parameters need t o  be found experimentally 

s ince  the  t h i r d  can be computed from the  law o f  conservation of  energy 

p + a + . r = l  

Monochromatic parameters a re  discussed i n  the f irst  p a r t  of t h i s  sec t ion  and 

the  t o t a l  parameters are discussed at the end. 

7.4.5 Monochromatic Parameters 

In p rac t i ce ,  p h  and -ch a re  d i r e c t l y  measurable quan t i t i e s  and a 

determined from the  conservation of  energy equation. 

materials, such as Kapton, can be measured d i r ec t ly ,  but  p m u s t  be 

measured i n d i r e c t l y  as w i l l  be shown below. 

i s  
h 

For semitransparent 

h h 

The transmittance i s  determined simply by measuring the  t ransmit ted energy 

and taking the  r a t i o  of t ransmit ted t o  inc ident  energy. 

The ref lectance can be determined i n  one o f  two ways: (1) t he  sample i s  

backed by a theo re t i ca l ly  pe r fec t  absorber and the  r a t i o  o f  r e f l ec t ed  t o  

inc ident  energy i s  measured, o r  (2) the  sample i s  backed by a theo re t i ca l ly  

per fec t  r e f l e c t o r  and the r a t i o  of energy out ( including t ransmit ted energy) 

t o  energy i n  i s  measured. 

of  ref lectance of t he  Kapton. 

apparent value of re f lec tance  and includes the e f f ec t s  of transmission and 

absorption i n  t h e  Kapton. 

In the  f irst  method, t he  r a t i o  is  the t r u e  value 

In the  second method, t he  r a t i o  is  the  

Since i t  is e a s i e r  t o  obtain a more near ly  per fec t  r e f l e c t o r  than absorber 

of energy over t he  1 t o  301.1 band, t he  second method w a s  used. 

gold was placed behind the  Kapton sample and t h e  r e f l e c t i v i t y  of t h e  gold was 

A t h i n  sheet  o f  

assumed t o  be 1. 
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See Figure 58. 

t h a t  monochromatic values a r e  implied.) 

t o  H. 

Also at t h i s  i n t e r f a c e ,  H a  i s  absorbed and HT i s  t ransmit ted.  

(The subscr ip t  X has been dropped, bu t  it i s  understood 

The energy i n t o  the  system i s  equal 

A t  t he  top  sur face  of  the  Kapton, the r e f l e c t e d  energy i s  shown as H p .  

The t ransmi t ted  energy, HT,  sees  a pe r fec t  r e f l e c t o r  and is incident  again a t  

the  bottom sur face  o f  t h e  Kapton ( labeled n = 0 ) .  

r e f l ec t ed ,  [HT] T i s  t ransmit ted and [HT] a i s  absorbed. 

A t  t h i s  po in t ,  [HT] p i s  

The t ransmi t ted  energy, H-r2, passes through the  Kapton and is  included, along 

w i t h ,  t he  r e f l e c t e d  epergy a t  the top sur face ,  Y o ,  
t h e  system. 

A t  the  bottom sur face  of  t he  Kapton, [HT] p again 

and a t  n = 1, the energy i s  divided up as before.  

energy is  [HT] p2,  the  t ransmit ted energy i s  HT p 

HTP a, 

2 

as p a r t  o f  the  energy out o f  

sees  a pe r fec t  r e f l e c t o r ,  

This t i m e  has r e f l ec t ed  

and the  absorbed energy i s  

I t  i s  apparent t h a t  successive r e f l ec t ions  between the  Kapton and gold 

generate i n f i n i t e  s e r i e s  o f  absorbed and t ransmit ted energy. A l l  r e f l ec t ed  

energy between the  Kapton and gold i s  converted t o  t ransmit ted and absorbed 

energy and is  therefore  not  considered i n  the ove ra l l  system computations, 

By de f in i t i on ,  p *  i s  the  energy out divided by the  energy i n .  

from Figure 1: 

Therefore, 

Energy Out = Hp* = + E H r 2 p n  
n=O 

The energy absorbed can be seen from inspect ion of  t he  f igure :  

00 n 
Energy Absorbed = H a  + HT p a 

n=O 

By conservation o f  epergy, 

Energy In = Energy Out + Energy Absorbed 
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H 

Energy i n  

Energy out 

= H  

n Energy absorbed = H a  + H-r P a 
n = o  

Figure 58 Schematic of Energy Distribution in Sample 
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H = Hp + 2 HT’ pn + Ha + 
n=O n=O 

5 HT p n  a 

n 
To determine t h e  summation, 2 p , 

n=O 

3 n - 1  --- 2 
l e t  E p n = S n = l + p + p  + p  - - p  

n= 0 

2 3 4  n p s n  = p + p + p + p -- p --- 

n 
s n - p  s n = l - p  

n 
1 - P  

n 1 - p  s =  

1 l i m  Sn = - n* 1 - P  

Therefore, 

since p < 1 

which reduces t o  the  conservation of  energy equation and v e r i f i e s  t h a t  t he  

parameters have been properly i d e n t i f i e d  as fundamental q u a n t i t i e s .  

I t  was necessary t o  r e l a t e  p and a as functions o f  t he  measured quan t i t i e s  

p *  and T .  This was determined as follows: 

2 
HT Energy Out = Hp* = Hp + - 
1 - P  
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Ta 1 = p* + a + - 
1 - P  

The above equations have not been s impl i f i ed  t o  p = f(p*, T) and a = g(P*, T) 

which can only be expressed i n  an unwieldy quadra t ic  form. 

equations can be solved by an i t e r a t i v e  process which lends i t se l f  t o  a 
computer so lu t ion  which can be readi ly  adapted f o r  machine computation (see 

Figure 59, Flowchart). 

However, the  

Since p i s  much less than 1, a good first approximation is: 

2 p1 = p* - T 

This approximate value i s  used t o  g e t  an improved value of  p: 

p = p* - 

The average of 

above equation 

2 
T 

1 - P1 

t he  approximate and improved values is  then in se r t ed  i n t o  the  

t o  obta in  a new improved value.  The process is  repeated u n t i l  

t he  absolute  d i f fe rence  between the  approximate and improved values i s  l e s s  

than .0001. A t  t h a t  time the  value of p obtained after the  f i n a l  i t e r a t i o n  

is used t o  determine c1 by d i r e c t  computation. 

as a function of A .  

put i n  Table 16. 

p * ,  T ,  p I  and ci a re  p r in t ed  out 

The computer program is  given i n  Table 15 and t h e  out- 

Monochromatic t ransmit tance,  absorptance and re f lec tance  f o r  t he  Kapton sample 

are p l o t t e d  i n  Figures 60 through 6 2 .  
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LOAD 

A ,  P*, 7 
4 

Figure 59 Flowchart 

1 -p* * 7 a =  
1+- 

1-f-j 
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PRINT 

A 9 P*, 7, P I  9 
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Table 15 Computer Program for the Determination of 
Monochromatic Values of a and p 

I' 
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LA ? A  B D A 

1.00 
l n l O  
le20 
1.30 
la40 
l a 5 0  
l e 6 0  
l e 7 0  
1 n e o  
2000  
2.50 
3000 

4 e 0 0  
4 e 5 0  
5*0!, 
5e50 

6 0 5 0  
7 0 0 0  
7 .50  
8 000 
8 0 5 0  
9 .00  
a 0 5 0  

l O a O O  
1O.50 
11.0q 
11 850 
1 2  c 00 
1 2 0 5 0  
13 000 
17 e 50 
1 4  0 0 0  

,7 50 

6.00 

Table 16 Monochromatic Values of a ,  p and T 

RHO* 

On95170 
0.95130 
0 0 9 5 0 8 0  
0 .95040 
Os95000 
0 ~ 9 5 0 0 0  
Oa94000 
0,94000 
O o 9 3 O O O  
Om94500 
Oe93000 
Oa99000 
0 . 6 9 0 0 0  
0.82000 
0095500  
Os76500 
0 0 5 9 5 0 0  
0 ~ 5 0 5 0 0  
O o 3 1 O O O  
0 0 3 2 5 0 0  
0 , 3 2 0 0 0  
0 .33500 
0 0 3 6 0 0 0  
0 0 3 5 0 0 0  
0 0 3 6 0 0 0  
0.57500 
0 .70000 
0.5000c 
0 .4 4 0 00 
0.4050'3 
00 4 r ) O O O  
On56500 
0 0 4 9 5 0 0  
0 o 4 0 5 0 0 

T A U  

0 0 8 7 5 0 3  
0 0 8 5 5 0 0  
0 0 8 5 5 0 0  
O I 86200 
0 0 8 6 2 0 0  
Oo87OOO 
0 o 8 7000 
0 0 8 7 0 0 0  
0 0 8 7 0 0 0  
0.85500 
0 0 9 4 6 0 0  
0176000 
0 0 7 9 5 0 0  
0 0 8 0 5 0 0  
0 a 79  'r.0 
'Jo71000 
0.46500 
0 , 2 4 5 0 0  
Oo15500 
0.11000 
O o O 8 3 O O  
OoO73C'O 
0.07900 
0 0 1 2 9 0 0  
0 0 3 4 5 0 0  
0 ,67500  
O o 59500 
0 39500 
Oo13MOO 
'3,03750 
Oo27OOO 
0 6O5OO 
0.56500 
O o 44000 

R H O  

0 1 1 0 0 5 1  
O.12030 
Oe12004 
0 0 1 1 2 8 4  
O 0 1 1 2 6 3  
0 .10463 
O 09948 
0 o 09948 
0 .09429 
0 .11705  
0.11827 
0 1 1 8 3 0 1  
0 .03504  
0 0 0 9 9 9 8  
0 .18717 
0 0 1 6 2 8 4  
0 .35814 
0 o 4042 8 
0 0 2 7 6 8 3  
0 , 3 0 7 5 9  
0 .3101c  
Om32715 
0 3 5 044  
Oe32538 
Om20949 
0 .07986 
0 0 2 3 6 4 0  
0 .28256 
O 40790 
Oe4'1270 
O o 29642 
0.13960 
0 1 1 2 1 5 1  
0017139 

ALPHA 

0 0 0 2 4 4 8  
0.02469 
0002495 
0.02515 
Om02536 
0.02535 
0 0 0 3 0 5 1  
0 0 0 3 0 5 1  
0 c 035 70 
0 0 0 2 7 9 4  
0 * 0 3 5 7 2  
0105698 
00 16996 
OoO95O1 
00022EJ2 
0.12715 
Om 17686 
0 0 35074 
0056821 
0 0 5 8 2 4 6  
0.60697 
015'3991 
0 , 5 7 0 6 0  
0 .54565 
0 o 44 5 5 4 
0424515 
0.16861 

'(, 0 0 3 2 2 4 6  
0 0 4 9 4 1 5  
0 0 5 5 9 8 5  
0 ,43360  
0 .25540  
0.31340 
0.30863 
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Table 16 Monochromatic Values of a ,  p and T (Continued) 

14e50 0 0 5 9 7 0 0  
1 t ; o o o  0 0 7 9 0 0 0  
1 5 a 5 ?  0 0 7 2 2 0 0  
1 6 m O O  0 6 6 5 5 0 0  
1 6 - 5 9  Oa62700 
17009  0 0 6 0 0 0 0  
1.7 n 50 0 1 5 8 5 0 0  
19,oo Or57000  
18 e 5 0  O o 5 9 O O O  , 

1 9 1 0 0  O e 6 1 0 0 0  
1 9 b 5 O  O t158500  
2o,or! Otv56000 
20 I) 5 0  Om67000 
2 1  r o c  Oo750OO 
21051) 0 , 7 1 5 0 0  
2 2  0 0 0  0 * 6 5 0 0 0  
22650 0059800  
23,oo 0 0 5 4 5 0 0  
2 3  o 5 0  0 0 5 7 5 0 0  
2 4  n 0 0  Oa60500 
21~e5’3 0 0 6 7 0 0 0  
2 5  e09 nu73500 
25 6 !iQ 0 0 7 2 8 0 0  
26 h 00  0 9 7 2  000 
2 4 0 5 9  0 , 7 4 0 0 0  
27609 0 0 7 6 0 0 0  
27 4 5 0  0 * 8 4 8 00  
2Re00 0493500  
2S.50 0 o 9 3 5 0 Q  
2Q.J09 O o 9 3 5 0 0  
29.50 00935.00 
39 * 00 0093500 

TAU 

0 e 70000 
O o O 3 O O O  
0,61000 
0141500 
0 * 5 2 0 0 0  
0151509  
0153500 
0063500 
O a 5 9 5 0 C  
0 1 4 1 5 0 c 
0135600 
0.46500 
Os60500 
Oe70000 
0.66000 
0 0 6 0 0 0 0  
0 0 5 4 5 q O  
0149300 
0 49000 
0149500 
0151000 
0,52000 
0153500 
0 1 5 4 5 0 3  
0 . 5 6 0 0 0  
Om62000 
Qe70000 
0175000 
o . a i o o o  
0 0 8 4 0 0 0  
O o S 6 5 0 0  
( I o  8 6 5 0 0  

RHO ALPHA 

0 0700g 
0 1 0 5 8 3 9  
0123537 
0 , 3 7 8 1 1  
0126108 
9.24755 
0121869 
0 , 1 1 4 5 9  
9.16560 
0134648 
Os38047 
0 0 2 6 5 5 9  
3.20790 
0,18141 
‘3019230 
0 * 2 0 0 0 0  
0 , 2 1 8 1 3  
0122955 
0 a ’ 2 5 3 4 4  
0,25958 

0133090 
0 3 1 2 0 0 
Oo29731 
0129512  
0 . 2 4 8 5 0  
0 .21988 
0,21679 
0.15684 
0.12686 
0 * 1 0 1 8 8  
O a 1 0 1 8 8  

~ 2 9 8 9 a  

0122992 
0.11161 
0 1 1 5 4 6 3  
0 1 2 0 6 9 1  
0121893 
0123746 
0124632 
0 0 2 5 0 4 0  
0123932 
0123852 
Oe26355 
0.26941 
0118709 
0,11859 
0115770  
0 1  19999  
0 .23688 
0127745 

* 0129650 
0.23544 
3.19102 
0114911  
0 * 1 5 3 0 3  
0 *  15769  
O. l f t4e8 
0*1315@ 
0 * 0 8 0 1 1  
0.0‘3320 
0.03315 
0.03312 
0,03311 
Or03311 

s 
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7.4.6 Tot31 Parameters 

The d a t a  of Figures 60 and 61 were processed by means of  a GD-Astronautics 

computer program t o  produce the  values of t o t a l  normal emittance and t o t a l  

transmittance,  given i n  Tables 17 and 18. 

The computer program i s  set up t o  solve t h e  following r e l a t i o n  d i r e c t l y :  

X=32 rn 

4 
0 

where p,, A and T a re  inputs ,  and (1 - p,) = a, f o r  opaque mater ia l s .  

Since Kapton i s  a t ransparent  mater ia l ,  the  above r e l a t i o n  does not  hold 

d i r e c t l y  and t h e  input  P ,  wa5 modified f o r  t h i s  mater ia l .  

(1 - a,) was used as t h e  input  parameter ins tead ,  which e f f ec t ive ly  converted 

t h e  equation t o  : 

The quant i ty  

A=32 
x a ,  Jh Ah + aA 2 JA A h  723 

J& 

A = .  3 X=32 
E (T'K) = 

1.00 
n 

J J h  dh 
0 
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A s i m i l a r  s u b s t i t u t i o n  was used f o r  t h e  computation of t o t a l  transmittance,  

where (1 - 'I~) was subs t i t u t ed  f o r  p 
A ,  and the  e f f ec t ive  equation was: 

J J A  
0 

For  t h i s  l a t t e r  case,  t he  output headings i n  Table 18 have been corrected f o r  

proper iden t i f i ca t ion .  

JA is  the  Planckian blackbody function corresponding t o  T°K. 

are performed i n  two s t eps  s ince  the  ava i lab le  da t a  was only t o  3011 and the  

parameter was assumed t o  be constant above t h i s  wavelength. 

The summations 

The r e s u l t s  a re  given i n  Figures 63 and 64 as functions of blackbody 

temperature, 

Figure 65  shows the  theo re t i ca l  r a t i o s  of hemispherical t o  normal emis s iv i t i e s .  

Values of  t o t a l  emittance,  E, have been p lo t t ed  i n  addi t ion t o  t he  normal 

emittance, E i n  Figure 6 3 .  n' 

7 . 5  PRELIMINARY DESIGN DRAWINGS 

Copies of t h e  s i g n i f i c a n t  engineering drawings, prepared t o  show the  d e t a i l  
arrangement of t h e  se l ec t ed  array concept, are enclosed. These include the  

following : 
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